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Application of Nuclear Radiation to Industry” 


By JOHN R. MENKE 


Nuclear Development Associates, Inc., New York, New York 


NUCLEAR PARTICLES as tools for experi- 


mental investigations are not new. 
Hevesy (1) studied the chemistry and 
solid-state physics of lead, beginning in 
1912, by using the emanations from 
radioactive found in 
nature as a disintegration product of 


U, Th, and Ac. 


radioactive materials (2) were known in 


lead, which is 


Furthermore, artificial 


the laboratories for many years before 

World War IT. 

field is the cheapness and convenience, 

the 

are available today 
(3 


The new feature in the 
the variety and the strength of 
materials which 
from nuclear reactors (3). 

It is this greatly increased availability 
of new tools that presents a significant 
opportunity to industry. It is, how- 
ever, only a partially grasped oppor- 
tunity. For instance, out of some 5,000 
isotope shipments in the past two and a 
half vears by the U. 
Commission (4) about 3.4% (about 170) 


S. Atomic Energy 


were for industrial use (if we exclude 
agriculture and other biological pur- 
poses). Conditions contributing to this 
situation include a scarcity of trained 
personnel, and some sensitivity to the 
unfamiliar safety and publication re- 
quirements. <A 
school has been organized and run by 
the Oak Ridge Institute of Nuclear 
Studies to help improve the situation 


free and unclassified 


with respect to qualified personnel. 

It may be that a fuller exposition of 
the potentialities of these new tools can 
serve a useful purpose here. We shall 
look into these potentialities by follow- 
ing a typical life-history of a nuclear 





* From a talk presented at the annual meet- 
ing of the Institute of Radio Engineers. 


particle and by examining the functions 
(5) that it might perform at each step 
In addition, we shall look at an examp) 
or two of each type of function. [ 
this manner we may hope to find thy 
seeds of new applications, of solutions t: 
particular problems which might ly 
missed by a simple recitation of existing 
or proposed applications. Several good 
lists already exist in the literature (4, / 

7, 17, 18, 23). 

By definition, a nuclear particle 
born in a nuclear event, in some re- 
arrangement of the nucleus of the aton 
which expels the particle. The particl 
then generally travels through matter, 
affecting the matter and, in turn, being 
affected by it. It may lose its identity 
in the medium or escape from the regio: 
of interest. Or, more rarely, it may 
combine and react with another nucleus 

All the potential functions of th 
particle and a useful outline for us ar 
contained in this simple eycle. Th 
tvpe of particle and the manner 


n 
which it is expelled is usually character- 
istic of the source nucleus and 
indicate the identity of the source 
(For instance, an alpha particle is 
emitted with an energy of 5.3 Mev and 
half-life of 136 days when polonium 
decays to lead.) The particle will 
affect matter by transferring part of its 
energy, @.e., by ionizing or displacing 
atoms and molecules in or near its 
path. (Thus, this 5.3-Mev alpha par- 
ticle will create a few times 104 ion pairs 
in air.) And the particle itself 
will be affected by the matter through 
which it can penetrate, losing its energy, 
being scattered and perhaps absorbed 
(The alpha particle will be stopped in 


can 


per cm 
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ibout 4m in traveling through normal 
air Stopped and detonized it loses its 
identity as a naclear particle; then, as a 
helium atom, It adds to our souree of 
helium It mav, however, react di- 
rectly with another nucleus to form a 
somewhat different combination, usu- 
illv so unstable as to cause a new evele 
f such events. 


Ni4(a.p)QO! 


tion diseove red ] 


The alpha reaction, 
Was the first nuclear reac- 


An outline of functions then will 
ive four fundamental categories, @.¢., 
ses dependent upon: 

/. Identifving characteristics of a 


clear event (such as indication of 


kiffects of nuclear particles on 
atter (such as ionization or dis- 
placement of atoms and moiecules in 
nedium 
I'ffects of matter on nuclear par- 
ticles (such as penetration through, 
ind seattering and absorption. by, 
vedium 
Reactions of nuclear particles 
with nuclei (such as the transmuta- 
tion of elements 
\ll except the fourth group have seen 
some important industrial applications. 
Perhaps the greatest number of different 
tvpes of new applications fall into the 
first class; the second and third classes 
have long been served by natural radio- 
ictive sources. 

Identifying characteristics of a nu- 
clear event. Natural radioactivity has 
ong been used to identify its source. 
Thus we have the familiar field identifi- 
cation of uranium and thorium for the 
prospector. More recently the natu- 
rally radioactive potassium (K*°) has 
These 


techniques can be made semiquantita- 


been used in assaving its salts. 


tive in the field and can be made riger- 
ously quantitative in the laboratory. 
si: Tl and all the heavy elements above 
it in the periodic table (s2Pb, s;:Bi, ssPo, 
At, seltn, s7Fr, ssRa, sgAc, goVh, 9:Pa, 
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aU) have natural radioactive isotopes 
At least five lighter elements are also 
known in naturally radioactive forms, 
ig hX 4, 57RD, g2Sm'!?, >, Lu! and ;Re!* 
Of these seventeen elements, only lead, 
bismuth and potassium, are of major 
interest to industry. These were all 
that were available before the advent of 
artificial radioactivity and constituted a 
fundamental limit to applications of 
radioactivity With them, however, 
the basic identification techniques were 
developed. A classic example of this 
type of work, pointed out by Stanley (8), 
is the experiment by Hevesy and 
Zechmeister in 1920 (7) demonstrating 
Arrhenius’ theory of electrolytic dis- 
sociation. All lead isotopes, of course, 
exhibit nearly identical chemical proper- 
ties. Subsequent separation of the two 
salts, both containing radiolead, proved 
the exchange of lead ions in solution. 
Hevesy also employed radiolead to 
study self-diffusion phenomena; there 
is probably no better technique today. 

Artificial radioactivity, before the 
nuclear reactor, removed the previous 
limitations of variety but was an ex- 
cessively expensive tool, being manu- 
factured mostly by eyclotrons and with 
photoneutron sources at very low 
efficiencies. 

Artificially radioactive sources from 
piles are cheap and include elements 
from a large fraction of the periodic 
table. The 
and geological industries (4, 7, 8, 9, 13) 


metallurgical, chemical, 
have been among the more active 
developers of the field. In steelmaking 
(10, 11, 19), for instance, the rapid and 
continuous determination and tracing 
of sulfur and phosphorus, the kinetics 
of slag-metal interfaces, the thermody- 
namic activities and diffusion phenom- 
ena in solids and liquids are all being 
examined with tracer techniques. In 
the rubber and oil industries the kinetics 
of complex organic reactions are being 
studied—especially vulcanization and 
its relation to sulfur and the catalytic 


3 





problems associated with the Fischer- 
Tropsch process. Phenomena of wear 
(20) and lubrication are being studied 
by the oil industry along with active 
work in logging oil wells and tracing oil 
routes by radioactivity. 

Some more miscellaneous applica- 
tions of the ‘‘characteristics’’ of the 
nuclear event 
definite decay period as a measure of 
time. The otherwise 
magnitude, 2 x 10° 
called age of the earth—is measured by 
evaluation of the Rb-Sr U-Pb 
ratios together with the known half-life 
of the fraction. An in- 
genious timing circuit (5) compensating 
for the decay of a primary radio source 
by balancing against the decay of a 
similar source has 
Standards of energy for neutrons from 
photosources are also emerging. These 
standards make use of one of the re- 
maining characteristic quantities in the 
radioactive event, the particle energy. 

Over 80% of the new industrial uses 


include the use of the 


inconvenient 
years—the  so- 


and 


radioactive 


been described. 


of pile-generated radioactivity reported 
by the AEC (4) fell into this large indi- 
cating, tracing and use-of-the-charac- 


teristics-of-radiation category. It is 
a category whose potentialities defy 
presentation here; we could devote 
considerable space to it without giving 
the field adequate attention. 

Effects of nuclear particles on matter. 
Nuclear particles affect the atomic and 
molecular structure of matter through 
which they may pass. One such effect 
is the ionization that the charged parti- 
cles induce. It is the most usual means 
for their detection and measurement. 
This ionization is regularly put to use 
in the paper, textile and grain industries 
for the elimination of static electricity 
by means of alpha particles from radium 
and polonium. The static charge is a 
production nuisance in the manufacture 
of paper and textiles and is a danger of 
real magnitude in the handling of dry 
grain. This use is an interesting exam- 


4 


ple, being one case where the older 
natural radioactivity remains 
potent and economic than the artificia 
activity. Ingenuity may yet chang 
this relationship. The ionizing capa- 
bility of particles can also be used to 
reduce the sparking potential of high 
voltage gaps and to provide cold elec- 
tronic emission in special tubes. Fur- 
thermore, there is some possibility that 


mors 


ionizing radiation can be used to steri- 
lize and even to produce mutations of 
value in biologic material. (Improved 
strains of various moulds have already 
been developed from radiation-induced 
mutants.) 

Other effects can also be produced in 
matter—for instance, heating, excita- 
tion, and other energy release (21, 22), 
coloring, and even displacement of 
from their matrices 
Energy uses, such as radioactive batter- 
ies, etc., deserve an important place in 
this category. The ultimate chemical, 
physical and engineering utility of these 
effects or of what they might catalyze 
has not been well measured. 

Effects of matter on nuclear particles. 
The first effect of nuclear 
particles was their penetrating ability 
The gamma radiation from radium is a 
familiar tool in industrial radiography 
At $20.00 per millicurie it is meeting 
competition from cobalt-60 with simi- 
lar gamma radiation at about one tenth 
the cost. radiation emerging 
from matter carries information gath- 
ered along its path, such information 
can be used to detect, measure and con- 
trol the character of the path. Devices 
have been developed which use beta 
particles to measure and control the 
thickness of moving sheets such as paper 
and plastic films. Similar thickness- 
measuring applications of other radia- 
tions are also known. 

The information gathered by the 
effect of matter on radiation need not 
be due to absorption from a beam pene- 
trating through the material. The 
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atoms normal 


observed 


Since 





scattered component has been used 
with suecess where only one side was 
vailable as for instance in liquid level 
measurement. A suggestion has been 
made to locate buried survey stakes 
vith a small amount of penetrating 
radiation and similarly to locate pipe 
stuck in buried 
sections of long pipes. These examples 
only serve to illustrate some of the many 


scouring apparatus 


such applications recently made feasible 
by new, cheap radiation sources. 
Reactions of nuclear particles with 
nuclei. Finally, nuclear particles can 
e used to cause nuclear reactions. It 
s this capacity that has captured our 
maginations rightly so. How- 
ever, we should pause a moment short 


and 


of the nuclear chain reaction to look at 
ess spectacular reactions. 

Brown and Goldberg (14) have used 
nuclei, 
radioactive 


to activate 
transmuting them 
materials that can frequently be readily 
detected and identified. The power of 
this analytic tool in combination with 


neutron sources 


into 


quantitative chemical analysis is shown 
by their results. Trace quantities of 
the order of a few parts per million have 
been measured with a standard devia- 
tion of five to ten percent. In some 
cases problems which have been unsolv- 
able with spectrographic techniques can 
be neatly handled with ordinary pile 
neutron sources. A similar use of an 
artificial neutron (gamma-neutron) and 
alpha-neutron) source has seen service 
search for oil. The source is 
into a drill hole to remotely 
activate and analyze different strata. 

It may be useful at this point to re- 


in the 


lowere d 


view the particles, indicating those sig- 


nificant in each category. (Table on 
right. 

Neutrinos are an interesting case of 
being altogether too good—they pene- 
trate matter so well that they can 
neither affect nor be affected by reason- 
able masses interposed in their paths. 


The earth itself is probably just thick 
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enough to stop some of them. Alpha 
particles are the most practical ionizers 
and neutrons sre the best instigators of 
nuclear reactions. Alphas, betas and 
gammas are ordinarily most useful in 
identification procedures. 

It is of interest to examine the special 
case of the nuclear reaction, the self- 
supporting neutron chain reaction which 
is the primary mechanism of the atomic 
nuclear 


and of the controlled 


It is probably not useful to 


bomb 
reactor. 
repeat here what has been described so 
well in the Smyth report (74) and has 
been restated too many times. It is 
enough to say that the pile neutrons are 
the most efficient source of many of the 
artificial radioactive materials whose 
uses have been discussed above, that 
the pile may be used as a neutron source 
to apply directly to materials of interest 
(as, for instance, in the Brown and 
Goldberg analytical methods described 
above), that the fission reaction is a 
source of energy (heat), of radiation 
(both a hazard and a potentially useful 
product as in sterilizing, etc., above) and 
of the crude radioactive fission frag- 
ments which may again be used as 
particle sources. One significant con- 
cept, however, has been added to the 
public forum since the issue of the 
Smyth report. It is the 


‘breeding’? mechanism and is worth 


so-called 


extra attention. 
The isotope uranium-235, 0.7% of 





Uses of Nuclear Radiations 


M inor 


Major 


Characteristics, a, B, ¥ Pp, n, 
identification, fission 
etc. fragments 
B, 7,” 
fission 
fragments 


Ionization, dis- 
placement, etc. 


B, y, n, a 
neutrinos 


Penetration, 
scattering 

Nuclear reaction n 
activators 








natural uranium, is the only naturally 
occurring substance that can be fissioned 
with most of the neutrons available 
within a pile. If it were the only possi- 
bility, it would constitute a severe 
limitation. However, neutrons can 
transmute the source materials, thor- 
ium-232 and = uranium-238 into” the 
fissionable materials uranium-233 and 
plutonium-230. If enough neutrons 
can be made available, the much more 
abundant source materials can be 
rendered as fissionable, and as useful as 
the scarce isotope, uranium-235, Thus, 
the neutron economy of the reactor 
determines, to an important extent, the 
utility of a great resource. 

The neutron balance in a reactor can 
be illustrated as follows: Neutrons 
needed per fission—(a) one neutron is 
needed to cause a fission: (6b) one neu- 
tron at least is needed to replenish the 
fissioned atom in order to replace it 
and “break even” on __ fissionable 
material; and (c) on the average a frae- 
tion of a neutron is wasted in parasitic 
absorption and in escape from the pile 
We can call the total needed 2 +2 
where z is a fraction less than unity. 
The neutrons produced per fission event 
we shall call 2 + y where y is also a 
fraction less than unity. If the amount 
produced per fission, 2 + y, is greater 
than the amount needed to break even, 
2 + xr, we can increase the total amount 
of fissionable material available, pro- 
ducing more fissionable material than 
we burn (at the cost of a little source 
material), There is more than a faint 
hope that breeding can be aceom- 
plished. This is one of the central 
technical problems (76) of large scale, 
economic atomic energy. 

Finally, it should be emphasized that 
this report surveys the present status 
of an art which is in vigorous develop- 
ment. It is, therefore, a limited report 
which will, one expects, need much re- 
vision in the next few vears. 
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Comparative Survey of lon Guns—|! 


Design of ion guns is among the more important problems in 


nuclear physics. 


In accelerating devices, as well as in mass 


spectrography, strong, easily focused beams are needed. 
This paper, which is the foundation for the two papers to 
follow it, discusses fundamentals of good ion-gun design 


By MAX HOYAUX and IGNACE DUJARDIN 


Nucleonics Research Laboraiories 
Ateliers de Constructions Electriques de Charleroi, Belgium 


[HE ION GUN delivers a flow of ions to 
be (1 


evelotron, 


accelerated in a device such as a 


high-voltage tube, cavity 


wccelerator, etc., or, (2) analyzed by a 
mass spectrograph. 

In the first case, only a few kinds of 
ions are to be produced: (a) protons or 
hydrogen atomic ions (p or ,H!'), (b) 
deutons or deuterons or heavy hydrogen 
itomic ions (d or ;H?), and (c) helions or 
ilpha particles or twice-charged helium 
aor »He! 


ions and sometimes lithium 


ions. In some cases, ions of tritium 


mass three hydrogen) or light helium 
are used, but these are generally ob- 
tained by nuclear processes. 

In the second case, every kind of ion 
may be wanted. 

In every case where it is possible, the 
atoms to be ionized are brought into 
the ion gun in the form of a gas flow. 
If not, a solid cup is coated with the 
We make no 
attempt to review this problem, and 


material to be ionized. 


suppose that it is always possible to 
deliver the material to the source in the 
desired form. 

In the gun, electrons are emitted by 
a cathode, which may be cold or hot, 


coated or 


accelerated 
field toward the 
In the 
case of gaseous material, an electrical 
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not, and are 


through an electric 


atoms that are to be ionized 


discharge is frequently used to increase 
the rate of ionization. 

Mean Free Path 
the mean free path for ionization is 
fundamental. Let us call it A;, and d 
the mean distance from the cathode to 


The problem of 


the walls. The probability of ioni- 
zation is, for a single electron emitted 
by the cathode, approximately d/\j, 
when d is inferior to A;._ If the pressure 
in the ion source were equal to that of 


device (A; 


meters), the 


the accelerating equal to 
hundred 


ionization would be exceedingly low. 


several rate of 
Let us take d equal, for instance, to 10 
em and A; = 200 m; then, we will create 
approximately one ion for 2000 elec- 
trons, and, as the rate of removal is 
generally low, we will get very few 
useful ions. 

In other words, although the pres- 
sure in the accelerating device or the 
mass spectrograph must be sufficiently 
low to allow the ions to travel from the 
source to the target without colliding 
with neutral atoms, the electrons 
emitted by the cathode must have a 
high probability of colliding with 
neutral atoms to give a high rate of 
ionization. Thus, one may (a) intro- 
duce a sufficiently high difference of 
pressure between the source and the 
high vacuum, (b) force the electrons to 


7 








describe very complicated paths before 


reaching the walls, or (c) have a combi- 
nation of principles. In 
a continuous flow of 
gas must pass from the ion source to 
the high vacuum. High-speed pump- 
ing is, therefore, necessary. 

Gas Flow 
flow may be studied by 
formula. It states that 


these two 


cases (a) and (c), 


The problem of the gas 
Knudsen’s 


T Ds 
Y= 3V2 L Ver (Pa Pg) (1) 
where Q is the gas flow in kg/sec, 
D is the hole diameter in m, 
L is the hole length in m, 
Pp: isthe specific mass of gas at unit 
pressure [kg/m:kg/(m X sec?)] 
(VY p: has the dimensions of 
the reciprocal of a speed) 
P4, Pz are the pressures at both ends 
of the hole [{kg/(m 
Knudsen’s formula gives the flow of gas 
when the mean free path is superior to 
the diameter of the hole. 
of ion sources, Pg is generally 0.1 to 
1.0% of Pa; therefore we may neglect 
it. 

For calculating the pumping speed, 
it is interesting to have the velocity of 
flow V in m/sec at the pressure Pg 

yu2@i @ 
PB piPp 


-_ Fa Ds 1 Pa 
3V24 Vp, Ps 


x sec?)] 


In the case 


(2) 
Practically, the flow from the ion 
source is approximately 50% of the 
total flow (taking into account out- 





gassing and leaks in the high vacuu 
chamber). 

We may obtain another formula | 
calculating p;. We pi = 1/ri 
and r = ®/IM, where @ is the constant 


have 


of gases for one molecule (8,320 J/°K 


and 9 the molecular mass. Thus 


»2P DT 
Pio ae aN 3 
3V2L Pe NO 
In most cases, we may put 7’ = 300°K 
then Iq. 1 and Eq. 3 become 
Ds — 
Q = 2.25 - PavV™m } 
D* P, l - 


V = 1.17 L. x = 
where D and L are in mm, P,4 in 10° 
mm Hg, Q in mg/hour and V in liters 
For deuterium (IM = 4), for 
example, if D =1 mm, L=8 mm, 
P4 = 2 X 10-2? mm Hg, Pg = 107° mm 
Hg, then V = 146 liters per sec. The 
flow for such a hole is very important, 


per sec. 


and high-speed pumping devices must 
be provided. With the same values of 
the parameters, the flow in mass is 1.12 
mg/h. 

This is rather a low consumption of 
deuterium; but its price is not at all 
negligible. The true consumption is 
always higher because of losses in the 
apparatus. Let us now compare the 
flow of gas with that of ions. Assuming 
1 ma (a rather high value) and taking 
into account the specific charge of 
deuterons 4.77 X 107 coul/kg, we get 
a mass of 0.2 K 107!° kg/see, 7.¢., 6.5% 
of the mass of neutral gas. The true 
rate is generally lower. 





are discussed. 





EDITOR’S NOTE: The three papers in this series combine a description and 
comparison of some kinds of ion guns which have been described in the 
literature since Thomson’s experiments in 1913. In the first paper, appear- 
ing here, the general properties and specific characteristics of typical guns 
In the two papers appearing in following months, the 
authors describe the properties of representative ion sources, show the 
merits of each type, and review the necessary refinements of ion-gun design. 
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Requirements 


In addition to these general features 
of ion sources, there are various specific 
requirements that depend on the par- 
ticular application of the source. 

Purity of Beam—In the case of mass 
spectrography, it is generally interest- 
ng for the source to deliver many kinds 
if ions of the gas which is studied ; some- 
times, mercury ions or hydrocarbon 
ons (from the pump oil) are also desired 
for comparison (doublets). 

But, when the source is connected 
to an accelerating device, this is not 
ase; only one kind of ion is wanted. 


For example, if we want to accelerate 
protons, molecular ions of hydrogen are 
indesirable because their mass is twice 
that of protons and they reach only 
70% of their final speed. The result 
is that the rate of nuclear transmuta- 
tions is considerably decreased below 
that for pure proton beams. Or, if we 
accelerate helions, single helium ions 
He are undesirable because their 
final energy is only half of that of 
helions for the same accelerating poten- 
tial. Ion guns frequently give high 
rates of those undesirable ions. 
Introducing some kinds of impurities 
that ionize at low voltage, such as mer- 
cury vapor, gives a manifold increase 
of the beam current. Unfortunately, 
magnetic analysis shows that almost 
all the ions arise from these impurities, 
so that the useful current is actually de- 
creased. Several investigators pointed 
out that water vapor in hydrogen gives 
an increase of the proton rate. 
“*Other Features—Among the other 
characteristics of an ion gun is its elec- 
trical power consumption. It must be 
low, principally in the case of acceler- 
ating devices, because the target must 
always be grounded; hence the source 
is at high potential, and power must be 
delivered through insulation trans- 
formers. The control of the source 
must, for the same reason, be as simple 
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as possible, because it must be made 
from the observation chamber, several 
meters distant from the source. 

Great stability is also required, prin- 
cipally in the cases of precision meas- 
urements and accelerating devices 
(measurements of energy levels) as in 
mass spectrographs (measurements of 
relative abundances It is obvious 
that the accuracy of such measurements 
depends upon the stability of the source. 

Speed of Ions—If only small poten- 
tials are used in the source (that is, 
small by comparison with the voltages 
applied in further devices), the speed of 
removed ions is negligible and one 
may have monokinetic beams.  Elec- 
trostatic Van de Graaff generators give 
high potentials that are steady within 
0.01% if they are provided with ade- 
quate control devices. If the ions are 
monokinetic one can explore resonance 
rays with great accuracy. Some mass 
spectrographs give only focusing of 
directions, not of speeds. It is desir- 
able that the ion speeds be practically 
equal for good concentration on the 
measurement apparatus. 

Cathode—low-voltage sources gener- 
ally require hot cathodes, which are a 
source of much trouble to experi- 
menters. The mean ‘life of the best 
cathodes is always low, because, at 
normal rates, the electronic emission is 
not sufficient to protect the cathode 
fully from ionic bombardment. The 
cathode problem is the most important 
one for all types of low-voltage sources. 
It is always necessary to provide a 
device that permits replacing dead 
cathodes. On the other hand, high- 
voltage sources can use cold cathodes, 
which give very much longer life. 

Summary of Requirements—A good 
ion source should yield a large ion cur- 
rent, allow focusing in a narrow beam, 
give a high rate of some desired type of 
ions, have a low gas consumption, 
require low electrical power consump- 
tion, and give monokinetic ions. 
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Introduction to the Theory of Diffusion and 


Slowing Down of Neutrons—I° 


By R. E. MARSHAK,+ H. BROOKS, { and H. HURWITZ, Jr.t 





To design a chain-reacting system properly, one must be able to predict thi 
behavior of the neutrons in the assembly. In particular, one must calculate thi 
size of unit necessary to sustain a chain reaction, the distribution of fission through- 
out the assembly, and the effect on reactivity of various changes which may occur 
in the assembly in the course of operation. 

The methods of performing these calculations vary considerably with the nature 
of the nuclear reactor, and the techniques are in some cases rather specialized 
All the methods, however, have the common feature of tracing the history of th 
neutrons from the time they are produced in a fission process until they either cause 
another fission, are captured, or escape from the pile. Two of the most important 
tools for calculating the neutron behavior are diffusion theory (applicable when 
the neutrons may be considered to be monoenergetic) and age theory (applicable 
when the neutrons slow down through elastic collisions with nuclei). 


The fundamental equations of diffusion theory and age theory are obtained by 
making certain approximations which are justified in many, but not all, of the 
problems that one encounters in reactor design. When the conditions for the 
validity of diffusion theory and age theory are not fulfilled, one must use some 
of the more sophisticated lines of attack which are available. 

The purpose of this series of papers is to present a systematic development of 
diffusion and age theory, starting with the Boltzmann equation. An attempt is 
made to underline the approximations used in deriving these theories, and thereby 
to specify the limits of their validity. The subject of how corrections can be made 
to these theories whenever necessary and how more accurate theories can be 
formulated and applied, is also discussed. Parts I and II of this series of papers 
will cover diffusion theory; Parts III and IV will cover age theory. 

Much of the material presented is the result of research in this country and abroad 
during the war years. Groups under the direction of Peierls in England, Wigner 
and Fermi at Chicago, Placzek at Montreal, Serber at Los Alamos, and Nordheim 
at Oak Ridge have made important contributions to the subject. In many cases 
the development of particular techniques occurred almost simultaneously in several 
laboratories. The authors have made no attempt to provide a complete list of 
references but have limited themselves to indicating a few of the articles where 
further information may be found. 





* This is the first of a series of four papers 
compiled from notes taken by H. Brooks and 
H. Hurwitz, Jr., on lectures given at the Gen- 
eral Electric Company by R. E. Marshak dur- 
ing the summer of 1946. A large part of the 
work described was performed under the aus- 
pices of the Atomic Energy Project and thus 
will be presented in volumes of the National 
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Nuclear Energy Series (Manhatten Project 
Technical Section). 
Parts II, III, and IV will be published in 

Nvc.Leonics in succeeding months. 

t Department of Physics, University of 
Rochester, Rochester 3, New York. 

t General Electric Company, Knolls Atomic 
Power Laboratory, Schenectady 8, New York. 
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The Diffusion Theory 


IN DERIVING the diffusion equation, we 


start with the Boltzmann equation, 


which is an accounting between the 


imber of particles leaving and enter- 
a given space and velocity range, 


l 


o 


more strictly a given infinitesimal 


volume of phase space We 


that all 
ind involve no change in energy. Let 


suppose 
collisions are perfectly elastic 
the number of particles found in a vol- 
ime element dr = drdydz at I, with 
heir velocity vector directed within a 
solid angle dQ at Q, be denoted by: 
V(r,Q,t)drdQ 


Then form 1 of Boltzmann’s equation 


VVo 


| V (r,Q',t) Vo,F (Q - Q')dQ’ 


LS Qt) (1) 
lhe term on the left-hand side of Eq. 1 
s the change in the number of particles 
na volume element which moves with 
the particles going in the direction Q. 
It is related to the loeal change in 
particle 


lvnami 


DN aN t a 
7 = : re + VQ-TN(r,Q,) 


density by the usual hvdro- 


relation: 


The second term on the right-hand 


side of Eq. 2 thus represents the con- 
vection of particle density into a given 
The first term on the 
is the total 


number of particles removed from the 


volume element 
right-hand side of Eq. 1 
volume element of phase space by 
scattering and capture, o representing 
the total 
material 
ber of particles scattered into the given 


cross section per ecm* ol 


The second term is the num- 


element of phase space from 
The fune- 
represents the relative 


volume 
velocity directions. 
F(Q -Q’ 
probability of seattering through an 
ingle whose cosine is Q -Q’, where Q’ 


is a unit vector in the direction of the 
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other 


tion 


and @ is a 


final 


initial velocity unit vector 


in the direction of the velocity 
The function F 


a way that its integral over all possible 


is normalized in such 
initial or final directions is unity, that 


IS: 


FF(Q -Q’)dQ’ = jFiQ-Q 


The last term on the right-hand side 
of Kq. 1 is a source term denoting the 
number of neutrons originating In the 
given element of phase space per second. 
The quantity o, is the cross section for 
scattering alone. Fission is neglected 
because it does not introduce any essen- 
tially new features into the problem. 

It is illuminating to obtain steady- 
state solutions of Eq. 1 when one has 
with an 
The 


steady-state assumption corresponds to 


plane symmetry for sources 


isotropic velocity distribution. 
setting ON /dt = 0; the plane symmetry 


and the isotropic source assumptions 
correspond to: 


= N(z 


S(r,Q,t 
V(r,Q,tidrdQ = N(z,y)dzdudd 4) 


where yw is the cosine of the angle of the 
velocity vector with the z direction, and 
¢ is really the longitude of the velocity 
vector as shown in Fig. 1 


x 
FIG.1 








y 


We define the neutron density \ 
as follows: 


Vo(r,t) = (Nir, 20d 





or, for the particular assumptions, 


above: 
\ 7 ds \ “ 1 
VolZ =2 dN (2, ph je (6) 
‘ i 2 M ; 


With our assumptions the Boltzmann 
equation takes the form: 


ON (2z,n) 


Vu — = —N(z,y)Vo 


'\Vo.F (uo)dQ + S(z (7) 


where Mo is the cosine of the angle 
between the initial and final velocities 
and is found from the trigonometric 
relation: 


cos 6) = cos 6 cos 0’ 
+ sin 6 sin # cos (@ — ¢’ 
or 
Mo = pp’ 
+ V1 —p? V1 — pp’? cos (9 ¢’ 


Solution of Boltzmann's Equation 


Diffusion theory approximation. We 
that the function 
F(uo) may be expanded in a series of 


suppose collision 
spherical harmonies: 
19 
F (uo) = \ 2/ - l F.P (yu 


4r 
l=0 


with F, = fF (uo)Pi(uv)d2. A 
expansion is possible for the phase den- 


similar 
sitv function: 
(10) 


N(z,u) = Ni(z)P ilu 


~ Ar 


~ 21+ 1 
— 
=0 


l 

with Ni(z) = [N(z,w)Pi(p)dQ. 

We now assume that the function 

N(z,u) is almost isotropic; we shall see 

that this will be the case provided the 
following conditions are fulfilled: 

1. We are far from a source, 7.e., far 
compared to a mean free path. 

2. We are far from any boundaries, 
i.e., discontinuities in the scattering 
medium, or, more precisely, regions in 
which the properties of the medium 
change appreciably within a distance 
comparable to a mean free path. 
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3. Probability of capture is small con 
pared to probability of scattering. 

It is not obvious that the nea 
isotropy of follows from th: 
What we 
Boltzmann's 
equation assuming that N is nearly 
later that this 
solution closely approximates the rigor- 


N (z,p) 


above assumptions. shal 


actually do is to solve 
isotropic and show 
ous solution if the above three condi- 
tions are fulfilled. 
It is clear that 
completely isotropic, that is, independ- 


N(z,u) cannot be 


ent of yu, for if the particles were moving 
with equal probability in all directions 
there could be no net flow and hence no 
What 


the minimum possible anisotropy in \ 


diffusion. we do is to assume 
which still vields a net particle current 
This corresponds to: 


N(z,u) & > [No(z) + BuNi(2)]) (11 


~~ 4r 

with No(z) = f[N(z,u)dQ = particle den- 

sity and N,(z) = fuN(z,u)dQ = J/V, 
where J = particle flux or current. 

For economy in writing we choose 

our units so that V = lando = 1, and 


define 


(12) 


The 
the form (form 2): 
ON _ 


re) z 


Boltzmann equation then takes 


n —N 


+ (1 —f) [ N(ew)F (wo)da’ 
+ S(z) (13) 


Let us integrate this equation over dQ: 
a = —Ny+ (1 —f)No+So(z) (14 
dz 

So(z) = 4xS(z) 
The origin of all the terms in Eq. 14 
is obvious except the second term on the 
right-hand side. To see this we must 
use the expansions in Eqs. 9 and 10. 
In Appendix A the following theorem 
is proved: 
fPi(w)dQ iN (z,p')F (u0)dQ’ 

= F,\Ni(z) (15) 
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We obtain our result by applying this 
theorem for the case 1 = 0, remember- 
ing that, by Eq. 3 , 
Fy = fF (u.)dQ =1 (3’) 
We obtain a second equation by multi- 
plying Eq. 13 by w and again integrat- 
ng over dQ, which leads to: 
1 dN 
3 dz 


= —-N,+(1-—f)FiNi (16) 
lhe second term on the right-hand side 
f Eq. 16 follows immediately from our 
general theorem (Eq. 15). The terms 
on the left-hand side may be derived 
by noting that: 
pu? = 1g + 3gP2(p) (17) 
This leads to: 
(uN (u,z)dQ = 14No(z) + 3gN2(z) 
~16N.(z) (18) 
nasmuch as we have agreed to neglect 
\ and all higher-erder terms. 
We are thus led to the simultaneous 
differential Eqs. 14 and 16. 
may be reduced to a single 


total 
These 
differential equation of the second 
order: 
1 d?No . " 
3(1 —F) dz —INo + Solz) 
(19) 
where we have neglected the product 
fN ; because both quantities are assumed 
Eq. 19 is known as the 
diffusion equation, and may be written 


to be small. 


in the more customary form: 


: No + é So =0 
Here the quantity LZ is known as the 
diffusion length, and is a measure of 
the mean distance traveled by a particle 
D is the diffusion 
coefficient and has the value 


(20) 


before al sorpt ion. 





1 AX, ‘ 1 ss , 
D =3 Ae = 3 wb (21) 
N,(z) = i ae f pdp fc ‘ 
0 0 —-* 


called the 
transport mean free path, and is related 


Here the quantity Ay is 


to the scattering mean free path by: 


Xi =s— Ae (22 
1 — (cos @)av’ 


(cos @)ay = [ Fu wodQ =F, 


Also we have: 


1 l 
ee : —_. es 
I) = | 3 = Fy) = 3*™ 


(23) 


or L? = Dr with tr. = mean life = 
A./V, where A, = a 


mean free path. 


is the capture 


Relation Between 
Point and Plane Sources (/,2) 


There is actually no loss in generality 
in solving form 1 of Boltzmann’s equa- 
tion (Iq. 1) one-dimensionally, that is, 
for a plane source. This follows from 
the fact that the solution for a point 
source is expressible as a certain deriva- 
tive of the solution for a plane source. 

Let g(r) be the neutron density 
No(r) which is a solution of Boltzmann’s 
equation for a point source at r = 0. 
Then for any distribution of isotropic 
sources So(r), the corresponding density 
is given by the integral: 


No(r) = fdr’So(r’)g(jr’ — 4) (24) 


In particular, let So(r) = 6(z), where 
6(z) is the so-called Dirae 6-function 
defined to be zero everywhere except 
at z = 0, where it is infinite in such a 
way that: 


[- 6(z)dz = 1; 


+ 


e 
S(z)d6(z)dz = f(0) (25) 
€ 


We see from Fig. 2 that: 





dz'5(z’)g |V (z — 2’)? + p?] 





ll 
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i do i ” pdog (v/p* + 24] = 2x i RodRog(Ro) = x(z) (26) 
0 0 z 
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with Ryo = y22 + p%. From Eq 
follows immediately that: 
1 dx(z) 


2rRy dz 


which constitutes the required proof, 


g(Ro) 


Solutions of Diffusion Equation (2 


Plane source in an infinite medium: 
The general solution is given by 
No(z) = Ae! + Bert 28 
where A and B are arbitrary constants 
to be determined by the boundary con- 
ditions that the neutron density shall 
vanish at z = + ©, and that the cur- 
rent shall have the proper discontinuity 
at the source, with the density con- 


tinuous through the plane of the 


The regions to the left and 


treated 


source, 


right of the source must be 


separately. From the conditions at 
infinity we have: 
N,'®)(z) = Ae~*4; 


No (z 


where R and L refer to conditions to 


= Be L (29 


the right and left of the source, respec- 
The continuity of N requires 
= B. To 
mine the magnitude of A, we integrate 
the differential equation from a point 
just to the left of the boundary to a 


tively. 


immediately that A deter- 


point just to the right. Thus we have: 


14 


lim ‘ih {d?No 
—0 7, { i 
AN kK 
; | dz 

= () 


from which we find the correct solution 


/ L 


=5pi -Nole) = aps 


A 


The 


sign in the exponential makes the solu 


insertion of the absolute value 
tion appropriate to both sides of the 
boundary. 

Plane source at z = z’ located in a 
semi-infinite medium, with a boundary 
to vacuum (N, = 0) located at z = 0: 


This problem may be solved by the 


method of images. We add to the 


solution for a plane source at z = 2’, 


the solution due to a sink (7.¢., a nega- 


tive source of neutrons) of equal 


, 


strength at z= —2’. The boundary 


now lies midway between the two 


sources, and Vy) automatically vanishes 
at the boundary because of svmmetry 
On the 


obtain the solution: 


basis of such reasoning, we 


where the second term in brackets is 


due to the image 


Rigorous Solution of 
Boltzmann's Equation (/) 


For simplicity we restrict ourselves 
to isotropic that is, to 
F (uo) = 1, and as usual treat the case 
of a plane source in an infinite medium 
2 of 


scattering, 


With these simplifications, form 
Boltzmann's (Eq. 13) reduces to 
aN 2M 

Oz 


M 


0(2) 


4dr 
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We take the Fourier transform of this 
equation, obtaining: 
uM (yu Vu 
l / l 
tr ; Ir 


where V 4,hé 


Solving for .V and integrating over dQ: 


] fy Moly) dQ 
Vly 
br J 1 Ly 
ae 12 ‘ 
{ | (35) 
ir J | LU 
valuation of the integral vields: 
(dQ 2n l iy 
| In 
l Te ty 1+ ay 
tan 'y hee 
tr (36) 
y 
\ he nee we obtain: 
tan’! y 
Y Qn 
Valy ory (37 
. tan“ y 
l l f) 
ui 


Or, performing the Fourier inversion, 


N o(z [- : Mo(yje"dy (38) 


9 
or , 


rhis integral may be most easily evalu- 
ited by complex integration methods, 
the details of which are discussed in 
\ppendix B 


bottom of page 


The result is iq 39 (see 

, Where visa root of the 
ranscendental equation 

tanh''y 1 

v Le, 

Che integrated term in Eq. 39 falls off 


(40) 


fast as e 7%, and actually 
This 


the fact that the lower limit of integra- 


at least as 


somewhat faster. follows from 


tion is unity and, at this limit, further- 
more, the denominator is infinite. The 
first term, on the other hand, falls off 
less rapidly than ¢ 


*, since it follows 


10 that 
high capture, that is, f ~ 
is still 1 


the case of 
l, the 
Vhus there 


from hq even in 
very 
upper limit of » 


alwavs exists a distance from. the 
source, large compared with a 
the 


Actually, if the cap- 


mean 


free path, at which second term 
can be neglected 
ture is small, the first term is a good 
distances com- 
In the 


limit of small capture the secular Eq. 40 


approximation even at 
parable to a mean free path 


may be solved by expanding the inverse 
hyperbolic tangent in powers of vIn 
this way we obtain: 


tanh '» y? 
_ . 
v 3 


or v \ 3 IL (AL) 


: 3f | $ r 
Ni(e) = Vv 3f cl fp, /3 
(1 f)(2 
3. oii / 3 
~5 evs lav (42 
“V3 - 


which, upon comparison with Eq. 31 
and Eq. 23, is seen to be identical with 
= (0) 
for isotropic scattering and remember 


the diffusion result when we set F, 


that the unit of length is the total mean 
free path for scattering and capture 
The importance of the exact solution 
lies in the fact that it suggests a pro- 
cedure for correcting diffusion theory. 
In fact, we have seen that far from the 


source the integral term may be 
neglected and the first term has the 
same form as the diffusion solution 
provided we take for the diffusion 
length the reciprocal of the correct 


solution of the secular Eq. 40 and 
modify the source term so as to give 


the same coefficient as in Eq. 39, 
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nn 
n ne 
‘tant !)* 4 (=D) = 
ann T 
, ) 2n 
15 





In view of Eq. 27, the solution for a 
point source in an isotropically scatter- 
ing medium is, for large r 

os * - 
: o vl — v2) eV 

Nr) © gas 1A 

V (1 —f)(»? —f) 2nr 
1 


=e 


vo 


- (43) 


(We have introduced 
dependence on the total cross section, 
g,and the velocity V.) By superposing 
solutions of Eq. 43, we may obtain the 
asymptotic neutron density due to a 
general distribution of sources. Thus, 
if we introduce the function yo which 


explicitly the 


satisfies the differential equation 
—L?a.V92no + vocno 

I -, of S(r) 
esr es. 
then the actual neutron density, No, 
will be asymptotically equal to m» far 
This is true because the 
solution of Eq. 44, when S(r) is a 
6-function, is of the same form as the 
asymptotic solution (Eq. 43) of the 
Boltzmann equation for a point source. 
Equation 44 embodies a simple recipe 
for correcting diffusion theory when the 


(44) 


from sources. 


ratio o./o is not infinitesimally small. 

The recipe is to replace the source S 

by an effective source S’ where 

, l-—» 2f , 

gala Fs 
l1-f—f 


and to use for the neutron current J, 


(45) 


the expression 
J = —L*a.VVno 
In terms of J and S’, Eq. 44 is 
V-J +a-Vno = 8S’ (47) 
When o./¢ is small, S’ is approximately 
equal to S, and J is given by the simple 
expression 


(46) 


ee ourV 
3 
Equations 46 and 47 represent the 
actual physical current only in the 
asymptotic region. 
The above arguments strictly justify 
Eq. 44 only for an infinite medium. 
The same equation, however, also 


16 


V1 (48) 


applies to a finite medium at points 
not too close to boundaries. In th 
general case, the solution for the neu 
tron density is made up not only of 
terms of the form of Eq. 43, but als 
of homogeneous terms which are solu- 
tions of Eq. 44 with S =0. Such 
terms can be shown to satisfy the rigor- 
ous Boltzmann equation in a source-fre¢ 
Thus, the 
recipe given above still applies provided 
that appropriate boundary conditions 
are used with Eq. 44. When the 
boundaries are sufficiently far from the 
sources, the boundary problem can be 
considered by itself, and as we shall see 
later, the boundary conditions can then 
be formulated in a simple manner 
Thus, Eq. 44 provides, in essence, a 
means of separating the problems of 
sources and boundaries. 


region far from boundaries. 


As we have previously emphasized, 
the solution of Eq. 44 does not accu- 
rately represent the neutron density at 
The nature of 
the deviations can be seen by studying 
the rigorous solution (Eq. 39). For 
sufficiently small z, less than a mean free 
path, there comes a point where the 
integral term of Eq. 39 dominates. In 
fact, the integral behaves roughly as 


Bite) = [* Fat 


diverges logarithmically near 
z=0. This is in sharp contradiction 
to the diffusion solution where the 
neutron density remains finite. The 
infinite density in the true solution 
originates from particles emitted di- 
rectly from the source before they have 
suffered any collisions, the chief contri- 
bution coming from particles emitted 
nearly parallel to the plane. The 
infinite density is consistent with a 
finite particle flux because the distribu- 
tion of velocity beoomes increasingly 
anisotropic parallel to the plane. 

In virtue of Eq. 27, the rigorous solu- 
tion for a point source takes the form: 
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points close to sources. 


which 











y2(1 y? iss l as 
l fi(v—-f 2xr torr Jy J (1 
At small distances the integral 


erm behaves as ¢ 


very 
/(4arr*) which is just 
the probability distribution for particles 

hich 


have made 


no collisions since 
eaving the source. This fact suggests 
further modification of diffusion 


heory, namely, replacing the 6-function 
S »-called 


form e7*/r?. 


first-collision 
An illustra- 
on of this procedure is given below. 


a0 bv a 


irce 


source of the 


Corrections to Diffusion Theory 
Near Boundaries 


So far, we have considered the correc- 
tions which must be made to diffusion 
eory to take into account strong 
bsorption and proximity to sources. 
We now consider the corrections which 
must be made close to boundaries. 

Let us consider the medium which is 
= 0 so that 
<0, and in 
We 
hall assume that there is no capture 
ind shall use units in which o and V 
both equal to unity. 


bounded by the plane 4 
for z 


there 18s & vacuum 


vhich the neutrons are diffusing. 


are For large 
diffusion 


present 


positive z, we can apply 


theory, which gives in the 


instance: 
ial =0 (49) 
so that 


No = = 


=az+b= 


a(z + 20) 


we assume no dependence on z and y). 
rhe current is 


J= 


(50) 


_ 1dNo _ 
3 dz ‘7 


a 


3 


(51) 


We wish to determine the quantity b. 
Close to the boundary it is important 
to consider the neutron density as a 
function of uw. Let us first use approxi- 
mate arguments of the sort previously 





i eo ;.. re 
N,(r) = / / / (1 —f)N o(f )dr anit —F 
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e dr 
—s = = —s 2) (45’ 
~ tanh"! ) + (: oa ) 
” on 2n J 
discussed. We then write Eq. 11: 
N(z,u) = : [No(z) + 3uNi(z)| (52 
1r 


Since N,(z) is the current, we must have 
a 

3 

At z = 0 we must apply the boundary 
condition: 

N(0,u) u> (54 

This relation expresses the fact that no 
neutrons the 
Equation 54 cannot be satisfied exactly 


N,(z) = (53) 


0 0 


return from vacuum. 
since only the first two terms of the 
expansion of N(z,u) in spherical har- 
We, 


therefore, simply require that the con- 


monies are retained in Eq. 52. 


tribution to the current coming from 
values of uw greater than zero vanishes, 
£.€., 


1 
or I, uN (Z,p du = () (55) 
This yields immediately: 
N (0) _ 
a - a 


If, instead of requiring the integral in 
Eq. 55 to vanish, we had required the 
integral of some other function of yu 
times \(z,u) from zero to one to vanish, 
we would different 
Hence, the value of z 


have obtained a 
value for Zo. 
obtained by the above crude argument 
is somewhat arbitrary. Fortunately, 
the problem of the neutron distribution 
near a plane boundary can be solved 
rigorously. The procedure is to reduce 
the problem to an integral equation 
which can then be solved by Wiener- 
Hopf methods (6, 7, 

As will be shown in Part II, the 
neutron density N 


medium which 


8). 


o in a non-absorbing 
isotropically 
satisfies the following integral equation: 


scatters 


(56) 
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we are 
path is equal to unity). In 
problem where Vy depends only on 2, 
keq. 56 becomes: 
No(z) 

15(1 
where 


E(x) = —EF\( 
The 


are appropriate for the case of a semi- 


limits of integration in Eq. 57 


extends from 
Wiener-Hopf 


methods it can be shown that the solu- 


infinite medium which 


z=0 to z= eo, By 


tion of Eq. 57 is asymptotically of the 
= 0.7104 when 
the actual 


form of Eq. 50 with 2 
f = 0. 
of No 
the asymptotic 
Fig. 4 (8). 

At z = 0, No = a/vV3 = 
whereas the asymptotic solution would 
give 0.7104a. 

The N,(0,u) 
interesting since it represents the angu- 


For small z value 


falls below the value given by 
solution as shown in 


0.577a, 


function is especially 
lar distribution of neutrons emerging 
from the surface of a scattering medium. 

The 


from the plane per unit time with cos 6 


number of neutrons emerging 


between wand uw + du(u < 0) is: 
(cos A N(O,w)dQ = 2e yw NO de = 
2 Nol: . 
2r(1 — fidu [ lial *! dx 58) 
, JO tir 
The 


gives the probability that a 


factor e *'* under the integral 
neutron, 
after being scattered into the _ solid 
single dQ at a 


surface, will reach the surface without 


distance x from the 





FIG.4 

No(z)t | 
Asymptotic values, | 
[No(2)=a(z+0.7104)] Actus! volues 


~N (0) =0.577a 





assuming that the mean free 


a plane 


being scattered again. The integral 
Iq. 58 has been evaluated numerica! 
for f = 1 using the rigorous solution { 
No(xz). An 
due to Fermi (9), 
No(x) = a(1/V/3 +4 

(As can be seen from Fig. 4, this will 


approximate  expressio: 
can be obtained | 


assuming that 


make (0,4) too small, especially for 

u~-l We then find from Eq. 58 

that 

N(O.u) = : (1 + 
lr V3 


V3 |u!)) 


ws 0 (59 
As it stands, Eq. 59 does not give cor- 
rectly the neutron density or current 
at the 
rectified by changing the normalization, 
but not the form of Eq. 59. If this is 
done, we obtain 


surface. These errors can be 


a l+v3u 


~ Qe V3 3 
Vv; 
(1 sis ) 
w<O (60 
Using this expression, we find 


0 a , 
2n / \ O,u)du = = N,(0) (61 
l V3 


N(O,p) 


ro 
2x | uN (Ou)du = —f = J (62 
1 « 


Comparison with the exact solution (10 


shows that Eq. 60 is correct to 1% for 
uw >O.1. For uw = 0, the value given 
by Eq. 59 is correct, so that Eq. 60 is 
too high by the factor 


= 1.072. 


By way of comparison, we note that 
for photons emerging from a hole in a 
black body, V(0,u) is independent of y, 
whereas for neutrons emitted from an 
isotropic infinite 
vacuum, N(0,u) is proportional to 1/u. 
In the distribution given by Eq. 60, 


plane source in a 


there is a small preponderance of neu- 
trons moving in the forward direction 
(away from the plane) as compared 
to the distribution of photons from a 
hole in a black body. 
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The quantity z) appearing in Eq. 50 
known as the extrapolated endpoint 
When diffusion theory (e.g., Eq. 55) is 
ipplied to problems involving a free 
condition to be 


surface, the boundary 


nposed on N» is that it vanish, not at 
the surface, but at a distance z) beyond 
ie surface. When this boundary con- 
lition is applied in conjunction with 
liffusion theorv, quite accurate results 
re obtained in many problems of prac- 

il importance 

When absorption is present the value 

the extrapolated endpoint depends 
that 2 


s roughly proportional to 1/(1 — f) as 


mewhat on f. It turns out 


shown in the following table (1/1 


0.9 l 
0.85 1.000 


0 0.5 
l f 0.7104 0.7204 
Hence, for reasonably small values of f, 

0.71/01 f 

If the units of length are not chosen 
that o is unity, then the extrapolated 
lpoint is approximately 
0.71 0.71 


o 


(63) 


63 it mav be seen that the 


From | q 


extrapolated endpoint is determined 
primarily by the scattering cross section 
the total cross section 


rather than by 


remember that cross sections are here 
easured in em 
We ean 
extrapolated endpoint by employing it 
in conjunction with Eq. 55 to solve the 


illustrate the use of the 


problem of a plane source in a semi- 


infinite medium. See Fig. 5.) As- 
sume that the position of the source, 21, 
is not too close to the boundary, so that 
there is a region between the source 
ind boundary which may be considered 
far from both source and bound- 


to be 
iry If the source emits one neutron 
per unit time and area, then the general 
solution of Eq. 44 is 


No(z) oe ae 2f 
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where A is an arbitrary constant. The 
he chosen sO that \ 








constant A must 


vanishes at the extrapolated  end- 
is located at the 


This 


point) which point 
= 0.71/¢ 


immediately 


condition 


gives 


\ 


[15 
It should be remembered that this solu- 
tion (like all solutions obtained by the 
extrapolated endpoint method) is not 
valid close to the boundary. In par- 
ticular, it should not be construed to 
give any information whatsoever about 
what happens to the neutron density 
forz < 0. 

As a 
compute the 


shall 


density in a 


second illustration, we 
neutron 
nonabsorbing, isotropically scattering 
sphere with a unit source at the center 
Equation 44, together with the bound- 
ary condition that the dehsity goes to 
zero at R + 0.71, gives (assuming that 
the mean free path is unity, and neglect- 
ing the correction in the extrapolated 


endpoint because of the curvature of the 


66) 
0 i) 


slightly 


surface): 


: 1 ] l 
ve= a ( R + 


The result (Eq. 66) can be 


improved by 
The density of neutrons which 


using a first collision 


source, 
have not experienced a collision is: 

N,’ = - 67 

‘vo Gert a 

The density of neutrons which 


have experienced one or more collisions 





1 —- 
. -Ae ! 64 
21-f—-—fe VL‘ ; 
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satisfies the equation 

1 , ” id 

— <V3No” = 

3 . 4a 

Thus, No” is given by: 
. l _—F ol a ad 
wire 3 (E-4 [° Sae) 
4x \r r r P 
+C (69) 


where C is a constant to be determined. 


(68) 


The neutron density is the sum of N»’ 
and N,’’. Since the neutron density 
must vanish at the extrapolated end- 
point R + 0.71, we have: 


: ler 3/1 e7 
v= - ier? 4 (= - r 


2 p7r! R+0.71 
+ [ —_dr 
¥ r 


In Fig. 6 we have plotted r?No for 
R = 3 using Eqs. 70, 66, and 66 with 
1/(R + 0.71) replaced by 1/R (curves 
A, B, and C, 
curves illustrate the errors inherent in 


(70) 


respectively These 


elementary diffusion theory near sources 











and boundaries. In curves A and B 
the value of No at the surface of the 
sphere has been reduced to 0.577/0.7104 
of the values given by the corresponding 
formulas in accordance with Fig. 4. 


APPENDIX A 


To prove Eq. 15, write both N and F in their expanded forms: 


2! 


7” 
4 4 \e ) 4 


, . Mtl. a 
[ Piao > > 22 vor hile 
on md tr T 


=Ql,=0 


From the well-known addition theorem of spherical harmonics, we know that: 


P 1, (9) — Pidu Pi, (u’) 


l 
. (lo 
+2 \ (-—1)"-— 


_ (lz + 


m=1 


Integration over the solid angle dQ’ involves integration over the angle @ 


m)! 


— m)! 


Pi,” (u)Pig™(u’) cos m(d — $’) (A2 


’, and, 


since ¢’ occurs in the integrand only through the terms in the expansion A2 for 
which m # 0, these terms all integrate to zero, and we are left with the following 


expression for the integral Al. 


x 


nt Ql, +1. Ql, 
\ \ [ P. waa [ — Ni (2)Pa(p’)- 


a hd 2 
=0lh=0 


% 


\ | Pi ()dQNi,(z Fy 


lL.=0 


+1 

FiPig(u)Pig(u' dy’ 
4 
ls +1 


dn (A3 


Pi,(u) = Nilz)Fi 


These results are obtained by applying the orthogonality relation: 


+1 
| Pi(u)Pi(u)dy = 
1 


9 
a+1 dui (A4 


where the symbol dx is the so-called Kronecker 6, which vanishes when k # / 


and is unity otherwise. 


20 


Equation A3 leads immediately to Eq. 15. 
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APPENDIX B 


It is required to evaluate the integral 


emerged Bees 
tan“! y : 


y 


x 

Furthermore, the integrand has two simple poles at where 
the solution of the secular Eq. 40. The 

; ; : . FIG.3 
situation is illustrated in Fig. 3, where 
» have taken the branch cuts from 
to +i and from —i to —i. 
value of tan~!y increases by 
ich time a branch point is cireumnavi- 
gated clockwise. For positive values of 
the contour C; may be distorted into 
the lower half plane in such a way that 

the integrand remains finite. In this way the contour C; is distorted into the two 

mtours C2 and C; as indicated in Fig. 3. 





The integral over C; gives 
tan™! y 

y 

—i Res. aac ets 

tan™! y 
1 — (1 -—f)- - 


y 


tanh! py tanh! p 
7 


Vv v 


| :; .. tan! y ‘i l 
f —_ am on — om 
f - 


tanh™! » 
dy : y y=-iv (l — »*) ; 


y? 
Making use of Eq. 40, Eq. B4 becomes: 
v(l — pv?) 7 
a =f) (? —f) e™4 (B5) 


which is seen to be identical with the first term of Eq. 39. 

To evaluate the integral over C, we change the variable to y = —in. Also 
we observe that the value of tan! y is greater by w on the right-hand side of the 
branch line than on the left. Furthermore, we note that: 


9 


~ 


TT 
tan“! y = = — tan“ - 
y 


, T : 1 
—i tanh“! 7 == — i tanh- 
2 n 


Thus we may take 


tan“ly = -—7 tanh-1~ + ~ 
7 2 


NUCLEONICS - May, 1949 





on the right-hand contour Cs and 


tan”! = i tanh"! 


on the left-hand contour, using the principal value of in each case 
” 


this way we obtain for the complete contour C: 


fe =x ] l 
tanh”! 
” 


tanh 

| 
tanh”! ~ + 
n 


e~"dy (BS 
Tr 


] 1 
; | (1 —/f tanh”! 
] n 


2in 
Combining the integrands and reducing to a common denominator, we find | 
straightforward algebra: 


4 1 |? 
l f tanh”! t 
n n 


which is identical with the second term of Eq. 39 and thus proves the require 
evaluation. 
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URANIUM RESOURCES 


How does uranium occur in nature? 


ls there enough uranium to sustain a continuing atomic energy 
program directed toward both peaceful and military appli- 


cations? 


What is being done in this country to provide a continuing supply 


of uranium? 


These are the questions that arise in an analysis of the mineral engineering 
aspects of the atomic energy field, and here are some of the answers. 





Uranium in Nature 
Genetically, uranium occurrences can 
be divided into four main types: 

1) igneous rocks 
hydrothermal vein deposits 


9 
3) sedimentary rocks 
| 


deposits of doubtful and per- 
haps complex origin. 
Certain oxidized deposits may be either 
considered as a fifth type or as a variant 
of the basic types mentioned. 

Uranium occurs in trace amounts in 
most igneous rocks but is concentrated 
notably in granitic igneous rocks. It 
occurs in granites in concentrations in 
the order and magnitude of from 
0.00003 °% to 0.0007 %. 
curs in granites chiefly in the accessory 


Uranium oc- 


minerals monazite, xenotime, and pos- 
sibly zircon (1). 

Granitie pegmatites (2) rich in potash 
feldspar, however, may contain pitch- 
other uranium 
Some 


ores, 


blende, autunite and 


minerals in visible amounts. 


pegmatites, like other uranium 
have been mined in the past for radium 
it may be recalled that it is generally 
considered that radium is in equilibrium 
with uranium in the ratio of 3.4 X 1077 


* From an address by J. K. Gustafson, man- 
ager of raw materials operations, Atomic 
Energy Commission, at the Massachusetts 
Institute of Technology on March 9, 1949. 
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In general, however, pegmatites 
large 
uranium because the average grade is 


to 1). 
are not a potential source of 
low, seldom exceeding 0.016; U;Os, and 
the tonnage is generally small. There 
may ultimately be amounts of uranium 
recovered as a byproduct of feldspar or 
mica mining. 

A decided preference of uranium for 
granitic rocks and acid pegmatites, and 
the grouping of some of the hydrother- 
mal uranium deposits around granitic 
intrusions clearly indicate that granitic 
magmas are the great primary source 
of uranium in the earth’s crust. 

Mesothermal pitchblende veins (3) 
have yielded most of the uranium and 
associated radium that have been pro- 
duced in the world. There are two 
main types of these: 

1. Veins mined principally for lead, 
zinc, copper, gold and silver, such as 
the veins of Gilpin and Boulder Coun- 
ties, Colorado. Pitchblende occurs in 
these as narrow streaks and patches. 
Veins of this type have contributed little 
uranium to world supply. 

2. Veins containing cobalt and nickel 
minerals, in addition to other 
metals and minor amounts of gold and 


base 


It is veins of this character that 
famous radium- 
Bear Lake in 
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silver. 
have produced the 


uranium mines of Great 





Canada, the Belgian Congo, the Erzge- 
birge region of Saxony and Bohemia, 
and the Cornwall district of England. 
The three most productive uranium- 
radium mines of the world are Joach- 
imsthal, Bohemia; Eldorado in Canada, 
and Shinkolobwe in the Belgian Congo. 
Some of the principal features of these 
three deposits are the following: 

1. Each occurs as veins in pre-Gam- 
brian sedimentary rocks. 

2. The ore in each case is pitchblende 
with cobalt. At Eldorado 
and Joachimsthal nickel, bismuth, and 
silver are whereas at 
Shinkolobwe molybdenum, 
tungsten, gold, platinum, and palladium 


associated 
also present, 
thorium, 


are mentioned, as is lead at Eldorado. 
3. In each case the principal non- 
metallic gangue minerals are quartz and 
Hematite, chlorite, barite, 
prominent at 


carbonates. 

and _ fluorite 

Eldorado. 
Some hypothermal quartz veins also 


also are 


contain small shoots of pitchblende but 
are relatively unimportant. 

Marine sediments in many parts of 
the world contain uranium in low con- 
centrations but in concentrations many 
times that of other rocks (4). Notable 
in this regard are black shales and 
phosphorites. A number of these for- 
mations contain 0.01% to 0.02% UsOs, 
and at least one, the alum shales of 
Sweden, contain nodules and lenses of a 
nearly pure bitumen called ‘kolm” 
which, according to published figures, 
contains 0.5% UsOs. 

Marine uranium-bearing black shales 


are characterized by abundant organic 


matter and sulfides and by small con- 
tent or absence of carbonate material. 
in uranium occur in 
thin formations of pre-Mesozoic age. 
The mineral or compound containing 
the uranium in these black shales has 
not vet been identified. 

Probably all marine phosphorites 
contain some uranium. Phosphetic 
nodules in many marine black shales 
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The beds richest 


also contain concentrations of uranium 
Although the form in which uraniy 
occurs in phosphorites is unknown, t 
fact that uranium increases in a gene: 
way with increase in phosphate content 
suggests that the uranium may occur 
the lattice of the phosphat: 
mineral. The phosphorite formations 
like the black shales, are characteristi- 
cally thin and are generally associated 
with the unconformities or diastems 


space 


These facts of occurrence have indicated 
to the men who have studied them that 
these uraniferous formations were de- 
posited in large basins adjacent to low, 
stable, land masses during periods whe: 
mechanical erosion was at low ebb and 
chemical conditions in the sea water 
inhibited the formation of lime deposits 
Very possibly the marine sediments 
derived from granitic land masses ar 
the most highly uraniferous. 

Two main types of uranium deposits 
are not yet properly classifiable. Thes: 
are the vanadium-uranium ore deposits 
occurring on the Colorado Plateau (4 
and in lesser amounts in other parts of 
the world, and the Witwatersrand gold- 
bearing conglomerates of South Africa 

The carnotite and _ roscoelite-type 
uranium-vanadium ores of the Colorado 
Plateau occur as small tabular or len- 
ticular deposits impregnating the flat- 
lying Morrison sandstone and Entrada 
sandstone of Jurassic age and the 
Shinarump conglomerate of Triassic 
age. They are widely but spottily 
distributed over an area nearly 200 
miles in diameter. The long axis of the 
deposits, many of which do not contain 
more than several hundred tons of ore, 
are nearly parallel to bedding, but 
the does not follow the beds 
in detail. The mineralogy of the 
ores is very imperfectly understood. 
The deposits contain several times as 
much vanadium as uranium. The bulk 
of the vanadium occurs in extremely 
fine-grained minerals of micaceous 
habit, probably belonging to the hy- 
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The 


principal mineral has been recognized 


drous mica group of clay minerals. 
tentatively as roscoelite. The principal 
uranium-bearing minerals are thought 
to be carnotite and tyuyamunite, some- 
called The 


theories of ore deposition subscribed to 


calcium carnotite. 


times 
by most geologists are either: (a) that 
the ore was precipitated from ground 
water after the enclosing sands had ac- 
imulated, or (b) that the vanadium- 
iranium content was deposited during 
deposition of the enclosing rocks but 
is widely distributed in them and has 


experienced considerable subsequent 
reconcentration by 
Small 


bedding and sedimentary features of the 


movement and 


ground water. variations in 
rock appear to have guided the move- 
ment of ore solutions with resulting 


oncentration of the ore. Fossil logs 
ind twigs are often completely replaced 
by ore and are further evidence that 
carbonaceous material generally is a 
precipitant for uranium. These types 
of ore bodies show a considerable range 
in both uranium and vanadium content 
range in the 
uranium-vanadium ratio. Much of the 
ore contains anywhere from 0.1 to 0.3% 
U;0s and from 0.5% to 2.5% V2Os, al- 
much 


and also a considerable 


though small tonnages of very 
higher grade ore are mined from time 
to time. These deposits constitute the 
available source of 
uranium in the United States but a 


source greatly inferior to the high-grade 


largest readily 


hydrothermal pitchblende deposits of 
other countries. 

tecently along the southwest and 
western edge of the Colorado Plateau 
numerous new prospects of uranium 
Shina- 
rump conglomerate have been found 
similar in size and occur- 


carnotite)-copper ores in the 


which are 
rence to the uranium-vanadium ores. 
Whether or not these will be important 
producers is not yet clear. 

The Witwatersrand reefs are exten- 
sive beds of metamorphosed quartz 
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conglomerate. It has been known for 
many years that the gold ores contained 
small amounts of uraninite, but only 
recently has the possibility of byproduc- 
tion of uranium from this source become 
apparent. A controversy has raged for 
many years over whether the gold ores 
had a hydrothermal or a sedimentary 
origin, 
this conglomerate is equally in doubt 


The origin of the uranium in 


but may not necessarily be the same as 
that of the gold. 

In Canada where glaciation stripped 
off any old oxidized soil covering that 
existed, primary uranium minerals, only 
slightly oxidized, occur at the surface. 
In countries, however, like Africa and 
Australia, primary products are oxidized 
to depths of hundreds of feet. Here 
pitchblende, which is a black heavy 
metallic mineral, converted 
in the zone of oxidation to brightly 
such as 


has been 


minerals, 
emerald 


colored secondary 
torbernite, a bright 
hydrated 
uranium; 
hydrated 


green 
and 
yellow 


phosphate of copper 


autunite, a lemon 


phosphate of calcium and 
uranium; or carnotite ,the canary yel- 
low hydrated vanadate of potassium and 
uranium. As is the case with copper 
ores, a flamboyant colorful outcrop does 
not necessarily mean good primary ore 


in depth. 


Supply of Uranium 

The consumption of about one pound 
per day of U2* in fission generates heat 
at a rate equivalent to approximately 
450,000 kilowatts, which is the amount of 
heat that would be obtained by burning 
about 1,300 tons of coal perday. Even 
with low efficiency, U?** is obviously a 
very potent source of power. Although, 
in naturally occurring uranium only one 
part in 140 is the fissionable isotope 
U235, by a process known as ‘‘breeding,”’ 
it is theoretically possible to combine 
some additional U*** with natural 
uranium and to convert the non-fission- 
able U238 into fissionable plutonium. 
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By this process, to quote from J. R. 
Menke’s ‘‘ Nuclear 


of Power” (8 . ‘for 


Fission as a Source 
each 
fissioned (burst) U*® together with one 
pound of ordinary uranium we get (a) 
million kilowatt 
energy in the form of heat, (b 


about ten hours of 
about 


one pound of fissile element (e.g., 


plutonium) and (c) about one pound of 
This is 


three million times the energy released 


new radioelements.”’ about 
by the burning of an equal weight of 
coal, This strange process of eating 
vour cake and having it too is theoreti- 
cally applicable not only to U23* but 
also to thorium, the use of which would 
greatly increase available atomic fuel. 

The experts, in groping for an esti- 
mate of the amount of uranium avail- 
able, have approached the problem 
from two directions. 

One approach is to take the average 
uranium content of a great many sam- 
ples of rock of different kinds and to 
that the figure of 
four parts per million or 0.0004 °% is the 
total 


the earth’s crust. 


conclude resulting 
uranium available in 
On this basis, the 
1.5 & 10" 
uranium in the one mile layer of earth’s 
crust not covered by water. 


amount of 


answer is about tons of 
It can be 
pointed out on this line of reasoning that 
uranium is 1,000 times as plentiful as 
gold, 100 times as plentiful as silver, 
and almost as plentiful as lead or zine. 
Such an approach is meaningless except 
to indicate that uranium is an important 
material in the earth’s crust and, ac- 


cordingly, that it probably was present 


in the right places fairly often when 
geological concentrating processes were 
at work What 
counts in terms of available uranium is 


forming ore bodies. 
economically exploitable concentrations. 

The second approach is to take some 
prewar figures of uranium production, 
or more generally of radium production, 
caleulate the associated 
uranium from these, and assume that 
these figures and the ore reserve data of 
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amount of 


pound of 


that same prewar period are a val 

measure of the potential production «/ 
uranium in the future. This is perha) 
an equally fallacious approach for tli 
following reasons: 

1. Even up-to-date ore reserve dat 
whether for copper, gold, lead. uraniu 
or other metals, mean very little unless 
it is realized that such estimates mere! 
prove that only a few years of produc- 
blocked 


economically justified for most mining 


tion are ahead. It is not 
companies to spend more money ii 
development than is necessary to main 
tain ore reserves for more than one to 
five years. It is often bad business to 
make capital investments in develop- 
ment work that will not yield returns 
for a long time to come. Moreover, in 
this country mining companies have to 
pay taxes on their proven reserves, and 
this taxing policy inhibits unnecessary 
Petroleum 
figures also have periodically led experts 


blocking out of reserves. 
to predict early exhaustion of our oil 
Yet, the American Petro- 
leum Institute figures show an annua! 


reserves. 


increase in the known reserves of petro- 
leum in this country almost every year 
for a decade or more despite increasing 
rates of production. 

2. Also ignored or underrated in this 
approach is growing technology 
and its future application to low-grade 
Most 
gone through or are going through a 
evcle where high-grade deposits are at 
first the 
then 


our 


uranium sources, metals have 


commercial deposits 
large 


deposits yield to man’s technical in- 


only 


and gradually low-grade 


genuity and become important pro- 


ducers. The ‘‘mining” of sea water 
of magne- 
sium is probably the most spectacular 


The 


ore reserve-production data approach 


during the war as an ‘“‘ore”’ 
example of such a development. 


thus omits from consideration the vast 
tonnages of marine sediments or by- 
product from the South 
African gold mining industry. That 
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is latter mav be a serious omission is 
licated by the statement made in a 
ent speech by the Minister of Indus- 
il Production of the Union of South 
\frica “We believe that we 
able to say that the Union of South 


who said, 


rica may produce more uranium than 
other country of the world.” 

3. Neglected by this approach also is 
great surge of prospecting for 

inium that is going on in all parts of 
world. Dr. W. F. James of the 

Staff of the Canadian Atomic 


gy Commission, for instance, re- 


yisory 


tly announced that already three 
properties in Canada are virtually 
rtain to come into production and that 
here are three or four promising new 
prospects in addition (6). 
uranium 


The commercial aspect of 


ould be kept in mind. The average 
ranium content of some granites is of 
he order of magnitude of 0.22 ounces 
per ton of rock If we had that much 
gold in a large granite mass, we would 
msider it a very profitable mine. Of 
ourse, 


the price of gold is roughly 16 


nes that of uranium and, generally 


iking, it is easier to extract. Never- 
theless, if uranium extraction technology 
mproves greatly and if uranium is ever 
needed badly 

gh enough, there will be a 
ivailable 


It is pertinent to inquire, ‘‘What is 


enough, 7.e., its price is 


lot of it 


iranium worth today to a mining com- 


pany?” There may some day be 
established a world price for uranium 
omparable but of different magnitude 
to the price for gold, but at present 
there is no such price. Foreign ura- 
nium is purchased at negotiated prices. 


The U.S 


has established for domestic uranium a 


Atomie Energy Commission 


ten-year minimum price of $3.50 per 
U;Os in a high- 
grade product, the Canadian Govern- 


pound of contained 
ment has established a roughly equi- 


valent minimum price of $2.75 per 


pound of contained U;Oxs in Canadian 
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and concentrates 
10°, U Ox f.o.b. railroad, and the 
United Ministry 
has offered to buy all uranium ores and 


ores containing at 
least 
Kingdom of Supply 
concentrates produced in the Colonial 
Empire during a ten-vear period at a 
minimum price of approximately $2.78 
per pound of contained U,Ox delivered 
f.o.b. From this it is 


ocean port 


readily apparent that even a narrow 
pitchblende vein means high-grade ore 
at these prices 

Because uranium is everywhere con- 
trolled by the the 
countries in which it exists, it is unlikely 


governments of 


that it will ever appear on free com- 
petitive world markets in the sense that 
lead or copper does. In this connec- 
tion, the fact is worth noting that the 
AEC’s 


price for domestic uranium is in fact a 


10-vear guaranteed minimum 


minimum price. Where larger quanti- 
ties are involved than the small lots for 
which this price was established, or 
under special circumstances, the Com- 
mission is prepared by negotiation to 
establish higher prices which will take 
into consideration special milling and 
refining costs, etc. 

There is, 


moreover, at the present 


time a “subsidy” price in connection 
with our Colorado Plateau ore-buying 
program. There is a base (in- 
cluding 
$2.50 per pound of contained U,Qs in 
U,Ox, but 
ment is also made for the V.O,; content 
at $9.31 


allowance of 


price 
development allowance of 


ores containing 0.2% pay- 


per pound, and a_ haulage 
$0.06 per ton mile is 
100 
allowed for 


allowed up to a limit of miles. 
Additional premiums are 
higher grade material 

The estimate of future uranium sup- 
plies may be too pessimistic. For 
instance, there are those who, basing 
their predictions on mining experience 
with other metals, think that there will 
be new high-grade uranium producers 
found, that the old producers will last 


longer than people think, that there will 
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be significant uranium production from 
low-grade ores that are not now even 
considered ore, that the U. S. can get 
large amounts of thorium when and if 
needed, and that there will be enough 
source material to permit the atomic 
energy business to expand considerably 
and to go on for generations, 


U. S. Uranium Program 

During the war, the Manhattan Dise 
trict purchased uranium from Canada 
and the Belgian Congo and extracted 
uranium from accumulated tailings of 
vanadium operations on the 
Plateau. When the AEC 
took over the atomic energy project, it 


past 
Colorado 


uranium, 
a high 
percentage of our total plant feed. On 
April 11, 1948, it announced this three- 
stimulate the 


continued to buy foreign 
which to this day constitutes 


point program to dis- 
covery and production of domestic ura- 
nium by private competitive enterprise: 

1. Government guaranteed 10-year 
minimum prices of $3.50 per pound of 
contained U;Os for small lots of domes- 
tic refined uranium, and of $3.50 per 
pound of recoverable U;Qs less refining 
costs for small lots of ore or mechanical 
concentrates assaying at least 10% 
U;0s, both prices f,o.b. shipping point. 

2. A bonus of $10,000 for the dis- 
covery of a new deposit and production 
therefrom of the first 20 tons of uranium 
ore or mechanically produced concen- 
trates assaying 20% or more U,Qs. 

3. Guaranteed price for 
uranium-bearing carnotite-type or ros- 
coelite-type ores of the Colorado 
Plateau area for the period ending 
June 30, 1954 (Circular No. 3, which 
extended through April 11, 1951, and 
Cireular No. 4, which extended through 
June 30, 1949, were combined in new 
Cireular No. 5 on February 1, 1949). 
Although no important change was 
made in the pricing provisions of Cir- 
culars No. 3 and No. 4, several adjust- 
ments were made, and the period of the 
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minimum 


guarantee was extended for approxi- 
mately three years in order to attract 
capital and mining development. 


The Commission also has extensiy; 


exploration activities which are cary 


out in large part by the United States 
Geological Survey (7 
An equally important 


B 

part of 
uranium 
program 
develop new processes which can treat 


Commission’s study of 
sources is its research 
economically very low-grade uraniun 
materials. Incidental developments o} 
this program already include new and 
improved analytical techniques and 
instruments. 

The AEC 
source material after its separation fron 
the place of deposit in nature. (T! 
term “source material”’ 
material except fissionable material con- 
taining 0.05°% or 
and/or thorium), 
one buying or 
thorium ore after it 
must apply to the Commission for 
license. Distributors 
of source material are also required t: 
fill out a simple form each month so that 
the Commission can keep track of wher: 
it is and where it goes. 


licenses all transfers 


means an 
more of uraniun 
Consequently, any 
selling 
has been 


uranium 0) 
mined 


and processors 
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CRYSTAL COUNTERS—II 


Although most facts about crystal counters can be explained, 
it is still not known what makes a material a counter. 


The 


author analyzes experimental results in this concluding article. 
Crystal counters will find great use as gamma-ray detectors 


because of their high stopping power. 


They have good 


linearity and resolving times which are faster than those for 


most counters. 


However, polarization is a serious handicap. 


There is a need for, and it is hoped that, a new material 


will be developed to serve as a room-temperature counter 


By ROBERT HOFSTADTER 


Palmer Physical Laboratory, Princeton University 





[HE PUBLISHED MATERIAL in the field 
if erystal counters, apart from the work 

van Heerden, is quite fragmentary 

the present time. In considerable 
legree, the same will necessarily have 
to be true for this report. The results 
of the Princeton group may be given 
here on silver halide counters, but there 
is no satisfactory comparison which 
ean be made with the work of others. 
lhe situation is similar in the case of 
diamond and other room temperature 
It is hoped that these gaps 
in the literature will be closed in the 


counters 


coming years. 

It was stated in Part 1 that there are 
at least fundamental quantities 
that are of importance for each type of 
crystal counter, viz., (a) the electron 
mobility in the erystal and (6b) the 
pair. Experimental 
measurements of the former can be 
compared with theory whereas, at the 


two 


energy per ion 


present time, this is not the case for the 
latter. 

It would be 
would 
theory, if the temperature dependence 
of the electron mobility were deter- 
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highly desirable, and 


serve as a stringent check on 


Princeton, New Jersey 





mined experimentally. Such a study 
might have important consequences for 
the quantum theory of ionic and non- 


polar crystals. 


Mobility Measurements 


The experimental measurement of 
mobility may be made by observations 
of the transit 
pulse) required for electrons to travel 
from the negative to the positive elec- 
For accurate measurements it 


time (rise time of the 


trode. 
is required: (a) that secondary electrons 
start from the negative electrode, (b) 
that most of the electrons travel to 
the positive electrode without being 
trapped, and (c) that the trap distribu- 
tion be homogeneous. The first two 
conditions may be satisfied if alpha or 
beta particles, both of which have only 
a short range in the crystal, and a 
saturation field are used. In this case, 
if 7 is the transit or rise time, w the drift 
velocity, d the thickness of the crystal, 
E the field strength, and v the mobility, 
then 

(22) 
and t should be observed to vary in- 
Therefore, 1/7 should 


7 =d/w =d/vE 


versely as FE. 
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FIG. 14. Reciprocal of ratio of rise time 


r °of pulse to free time 7’ before trapping, 
plotted against 6 d. is proportional to 
the electric field 





vary directly as #. The experimental 


conditions are generally arranged to 


conditions and to satisfy 


(22). 


meet these 


relationship However, the as- 
sumption implicit in (22) is that the 
time 7 during which an electron remains 
If this 


is not so, then there is a more accurate, 


free is large compared with rT. 


and indeed, more general expression for 
T, as shown below. 

In general, 7 will be the ratio of the 
average distance moved by the clustet 
of electrons in a single pulse to the drift 
Now, the 
average distance # may be taken from 
Iq. 7 in Part 1 as 


F - ur (*) = vET(I —< 


r=f Kv = Tl mm ¢ 


velocity of the cluster. 


cET (24) 
The reciprocal of 7/7 is plotted against 
the variable vE7'/d in Fig. 14. We see 
that, if 7’ or FE is very large, the limit- 
ing value of T is Eq. 22. 
However, if 7’ or E is very small, then 


given by 


t = 7, which isa result to be expected. * 
*This behavior was first pointed out by 

K. G. MeKay (19). 
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In this case a value of the mobility 


not be obtained from the measurem: 
A satisfactory test of the validity of thy 
mobility measurement may be obtained 
by checking the data against an eq 
tion of type (24). In fact, it is possi! 
by careful measurement, to mak« 
determination of v in this way. 1 
determination is, of course, equivalent 
to the determination of 6, if 7’ is know: 
It must also be established that ¢ j 
take for t} 
Thus, 
trapping 


the proper distance to 


movement of the electrons. 


barrier which might cause 


must not be present. This consider 
tion means that the saturation pulss 
size must be equivalent to the charg: 
carried by the full number of electrons 
no = Hy p (see below ) 


Energy per lon Pair Measurements 

With a knowledge of the energy H 
of the particle and the capacitance of! 
the erystal-vacuum tube input circuit, 
the energy per ion pair may be measured 
simply by finding the magnitude of the 


voltage pulse. Thus, from 


Vay = ar (3) (7a 


we obtain, when F(6/d) = 1, no = 
cy. ; : 
. by studying the shape of th 


experimental saturation curve 


sponding to Eq. 7 we can also determin 


corre- 


Thus we deter- 
free 


no by extrapolation. 
mine how many electrons are 
produced, and knowing the energy H 
of the entering particle, we obtain 
€ = H/no = p/W = energy per ion pair 
(25 
Usually an artificially produced stand- 
ard pulse is applied to the input circuit 
and the oscilloscope deflection thereby 
calibrated. The voltage amplitude of 
an unknown crystal pulse can be found 
by comparison with the calibrated 
The input capacitance and 
crystal capacitance are found either 


pulses. 


together, or separately and then added 
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Most troubles arising from unknown 
trapping of electrons in the crystal tend 
to give too high a value for the energy 
per ion pair. The lowest value tends 
to be the most reliable, other things 
being equal. It is probably worth- 
vhile, in such experimental studies, to 
ise a collimated beam of particles and 
to examine different regions of the crys- 
tal to see whether the value is constant. 

The foregoing discussions are valid 
vhen, as in diamond, the holes move or 
when, as in AgCl at low temperature, 
the holes are stationary. In the first 
ease, the holes are formed near the 
negative electrode and therefore eon- 
tribute a negligible amount to the pulse, 
f the erystal thickness is large enough. 
In the second case the holes contribute 
nothing as they do not move. 

For the measurements of energy per 
on pair it is certainly best to use mono- 
energetic particles, such as beta par- 
ticles from a beta-ray spectrograph 
van Heerden However, if a beta-ray 
spectrograph is not available, the 
measurements can be made with a 
radioisotope, such as P%?, whose maxi- 
mum beta energy is known. One then 
studies the largest pulses by selection 
with a diseriminator. Absorbing foils 
can be used to reduce the energy. 

Studies of energy per ion pair (and 
mobility) can also be made by the use of 
gamma rays as the source of radiation. 
However, attention must be focussed 
again on only the largest pulses. For 
gamma-ray work see reference (1/8). 
Determinations of mobility made with 
beta or alpha particles are recommended 
since simple collimation of the radiation 
is possible and the conditions of the 
experiment are under better control. 

In the case of energy per ion pair 
measurements, van Heerden has indi- 
cated that alpha particles give pulses 
much less than their energy would 
indicate, if the energy per ion pair for a 
beta particle is used as standard. He 
suggested that intense local fields might 
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affect the movement of the electrons 
away from the site of ionization. How- 
ever, the results of Yamakawa, on alpha 
particles produced within the body of a 
mixed erystal by slow neutron capture 
(LiBr-AgBr), indicate that alpha pulses 
are lacger than gamma pulses of energy 
about 2.0 Mev. Although the measure- 
ments are rough the energy per ion pair 
does not appear to be significantly dif- 
ferent from the value obtained for beta 
particles. It is therefore possible that 
surface effects are of importance in 
alpha particle determinations of energy 
per ion pair. In at least some dia- 


monds, this does not appear to be so. 


Mobility, Energy per lon Pair: 
Experimental 


Room temperature counters. In the 
case of diamond, MeKay (19) has indi- 
cated a value of 7’ = 0.04 microseconds 
from results on conductivity induced 
by electron bombardment. An upper 
limit for the rise time, this result 
depends on an assumed value of mobil- 
ity of 156 cm? per volt-see calculated 
by Seitz for diamond. Temperature 
studies of the rise time and energy per 
ion pair in diamond would be valuable 
for understanding the counter mecha- 
nism, but have not yet been made. 
Studies of rise time are difficult because 
of the small values. 

McKay gives a value of 10 ev for 
the energy per ion pair in diamond. 
Ahearn has given the same value, 
obtained from his studies with alpha- 
particle pulses. 

J. R. Platt reported at the Rochester 
conference (70) that, for a 0.2 mm gap, 
the rise time of alpha-particle pulses in 
Cd5S was less than or equal to 0.2 micro- 
second, As studies of rise time versus 
electric field were presumably not made, 
it is not possible to draw further con- 
clusions from this result. The energy 
per ion pair, which can be estimated 
from the results of Kallmann and 
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FIG. 15. Experimental data of rise time 
in AgCl crystal counter plotted against 
electric field. Curves are similar to theo- 
retically expected prototype of Fig. 14. 
Data refer to temperature of 77° K, and 
were taken by Milton and Hofstadter 





Warminsky (48), is in the neighborhood 
of 10 ev, as in diamond. 

Low temperature counters. 
uid and solid argon—In liquid argon 
(42) the observed pulses appear to be 
due to primary effects; the number of 
electrons produced corresponds to the 
energy of the ionizing particle divided 
by about 25 ev. This result has been 
obtained at a voltage gradient of about 
10,000 volts per cm, which is sufficient 
to give saturation of the pulses. Mo- 
bilities of the order of 40 ecm? per 
volt-see were found by Hutchinson. In 
solid argon, Hutchinson has found very 
large pulses—12 times the size of pulses 
in the liquid—which he attributes to 
electron multiplication. To obtain the 
large pulses in the solid, voltage gradi- 
ents of more than 13,000 volts per cm 
were used. Polarization occurs in the 
solid. (See page 34 for further results 
on solid argon.) 
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(a) Lig- 





~ (b) Halides—The early results 
18) on AgCl showed that, with commer- 
cial samples, the mobilities were in t! 
range of 80 to 400 cm? per volt-sec ; 
77° K, and the lowest energy per io: 
pair was sbout 14 ev. Van Heerde: 
did not measure the mobility but found 
that the energy per ion pair was 7.6 ey 
The discrepancy in values for energy per 
ion pair can be ascribed to the fact that 
the commercial material was probably 
not a single crystal and that barriers 
and strains were present (sce Fig. 8, in 
Part 1). In fact, it was a discrepancy 
such as this which partially accounted 
for the decision to grow synthetic 
single crystals under known laboratory 
conditions, 

Other data on mobility in AgCl, not 
published, were obtained by Milton 
and the writer for a 0.4 em crystal and 
are shown in Fig. 15. It is observed 
that different results were obtained for 
two different runs, giving mobilities 
of 163 and_114 em? per volt-sec. The 
reasons for the difference in values are 
unknown although they may be con- 
nected with different strains and per- 
haps slightly different temperatures. 
The results should be quite sensitive 
to temperature. An average of the 
two runs gives 139 em? per volt-sec. 

It is noticed that in both cases the 
experimental points lie fairly close to 
straight lines indicating that the as- 
sumption 7’ > 7 is reasonable. The 
value 139 cm? per volt-see lies in the 
neighborhood of the values reported in 
(18), although it is not as high as the 
highest value (400 cm?/volt-sec) re- 
ported there. The measured values 
are not in good agreement with the 
theoretical value, about 1600 cm? per 
volt-sec, given in Table 1 (p. 9, Part 1). 

It must be pointed out that there are 
alternative values of the characteristic 
temperature @ which may be substi- 
tuted in the Fréhlich-Mott expressions. 
The temperature 8 depends on an eigen- 
frequency of the crystal lattice. In 
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two restrahlen* from 


h we might expect two eigenfre- 


there are 


one uses the highest value 
~ 95 microns 


one obtains a mobility 


950 cm? per volt-sec, quite high when 


pared with experiment 

There is a further uncertainty to be 

nsidered rhe room temperature 
ies of dielectric constant have been 
1 in evaluating the temperature 6, 
reas the low temperature values 
Id be used However, from the 
nsitive way in which the dielectric 


er into @ it is not felt that 
l change would be produced 
hilits 


mo y values by using the room 
perature constants. The eigenfre- 
encies of Table 1 have all been taken 


sequal to the room temperature values. 
| ! 
] 


Commercial AgCl material was used 
these experiments and since the 
rity and condition are unknown it is 


lv that the observed discrepancy 
I , 
this 


eared up by further studies 


not serious However, 


yuld be cl 


pure Sing 


point 


crvstals It would be 


st desirable to measure the mobility 
lifferent temperatures, thus provid- 

ng data for comparison with the theory 
more than one point. 


The results of Yamakawa for AgBr 
ire in better agreement with theory and 
ffer satisfying justification for growing 
Yamakawa’s_re- 


ntheti crystals 


ilts which were taken in sequence at 
progressively larger field strengths, are 
reproduced in Fig. 16. The 'sharpen- 

It will 
be noticed that the slope of the 


rise is reasonably constant, particularly 


ng of the pulses is very clear. 


for higher field strengths, indicating a 
onstant drift velocity over the thick- 
ness of the crystal. The shape of this 


rise may give information concerning 
the homogeneity of the crystal. 
Two samples of AgBr which were 


* The restrahlen values are obtained from 
H. Rubens, Sitzber. preuss. Akad. Wiss. Physik. 
math. Klass p. 513 (1913) The eigenfre- 

neies ar¢ rhtly different from the restrah- 

n and are shifted towards longer wavelengths 
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FIG. 16. Shape of typical AgBr crystal 
counter pulses due to energetic beta 
particles from P**. Photographs were 
taken by K. A. Yamakawa. a, b, c, d 
refer to electric fields of 1870, 2730, 3640 
and 4550 volts/cm, respectively. Traces 
e are due to an artificial pulser with faster 
rise time than amplifier-delay line rise 
time. Traces f refer to radium gamma- 
ray pulses observed at a field strength 
of 3640 volts,/cm 





studied yielded mobility values of 208 
and 213 cm? per volt-sec (see Fig. 17). 
The distance moved by secondary elec- 
trons in the crystal was corrected for the 
slight penetration of the beta particles. 
The internal agreement is quite satis- 
factory and is probably a little better 
than the data The 
theoretical value of v in this case is 


would indicate. 
296 cm? per volt-sec, thus giving an 
agreement that is considered reasonable 
at the present time. 

Yamakawa’s figure for energy per 
ion pair in AgBr is 5.8 ev and was 
obtained by the usual extrapolation to 
large field strengths. This figure is 
quite low, even lower than the 7.6 ev 
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value for AgCl. Although this meas- 


urement should be repeated in other 
laboratories, it is not unreasonable that 
the energy per ion pair is jess in AgBr 
than in AgCl as the optical absorption 
limits for these two materials are 3.95 
and 4.88 ev, respectively (58, 59). It 
is to be expected that the energy per 
ion pair will be less if the absorption 
limit is smaller. The value of wW for 
AgBr is therefore about 0.6, as in AgC. 


Polarization: Experimental 
Liquid and solid argon. Davidson 
and Larsh (4/) have noted that polar- 
effects 
liquid argon. 
son has found polarization phenomena 


ization should not appear in 


In solid argon Hutechin- 


in which pulses continue after removal 
of the applied field and have the same 
sign as observed with the field on. As 
Hutchinson has pointed out, the sign 
of the pulses may be connected with the 
secondary ionization effects, although 
no definite picture has been given. 

It has been pointed out that when 
gamma rays are counted (and the holes 
are immobile) pulses of both signs may 
be expected after the applied field has 
been We do not 
whether our simple model applies to 


removed, know 


solid argon. Among other reasons, our 
model applies to a single crystal, 
whereas there is a good possibility that 
the cooling procedure used in solidifying 
the argon has resulted in formation of a 
polyerystal. However, if our ideas are 
correct, the sign of pulses observed by 
Hutchinson may be due to the gamma 
rays converted in the region of the erys- 
tal to the left of center in Fig. 5 (Part 1). 
If electron multiplication does occur it 
may be expected that positive space 
charge density will increase to the right 
(and not remain constant) as the elec- 
drift to the right make 
secondaries in the electrical field. 
Thus, the point of zero polarization 
shifted to the right. The 


trons and 


field is 


majority of observed pulses would have 
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the same sign as with field on, which 
Hutchinson's result. 

Halides. It will be noticed that 
(1) beta particles are used, (2) the ery 
tal is free of barriers, and (3) a hi 


mogeneous distribution of traps 
assumed, then a=d—b and ti 
expressions 
n n 
0.5 ’ 0.8 ’ 
1 —a/d 1 —a/d 
n 
0.9 (198 
1 —a/d 
will depend on the factor nd/b. > Whe 
b/d is small, as it is in the example o1 


p. 14 (Part 1), 
Ny, required for the field to drop to say 


the number of events, 


1; of its original value, depends very 
sensitively on b. Selection of an aver 
age value of b does not weigh the effect 
of an energetic beta particle as much as 
is really necessary, for an energetic beta 
farther 
holes 


particle penetrates into the 


crystal and produces deeper 


within the erystal than a softer beta 


particle. Therefore, our caleulation 
will err on the side of allowing Ny to be 
This effect will 


not change Vy by more than a factor of 


larger than it really is. 


about 2. Incounting allevents equally, 


this effect is compensated for to 
some extent by the backscattering 
of some of the softer beta particles 


their 
in the erystal and hence do not produce 


which do not leave all energy 
as much polarization. 

Yamakawa has studied the effect of 
polarization produced by beta particles 
of P82? in a sample of AgBr for which 
the effective area A is 0.4 em?, Vo/d 
= 3,300 volts/em, d = 0.6em, K = 13 
and € = 6 volts4on pair, b = 0.021 em 
By means of a ten channel discriminator 
(55)* Yamakawa also investigated the 
the 
The 


distribution of pulse sizes as 


polarization gradually built up. 


* The ten channel discriminator is an instru 
ment which sorts pulses into ten channels and 
counts the pulses in each. Therefore differen- 
tial bias curves are taken directly by it. The 
channels were ten volts wide in the present use. 
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FIG 17. Experimental data on rise time 
in AgBr crystal counters. Data were 
taken at 77° K by K. A. Yamakawa 
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FIG. 18. Ten channel discriminator 

curves of AgBr pulses due to P** beta 

particles. The lower curves show the 

large drop-off in counting rate as the 

crystal polarizes. Data taken by K. A. 
Yamakawa 





experimental curves are shown = in 
Fig. 18. It can be seen that the number 
ind size of pulses drop drastically after 
8,500 seconds of counting. This may 
be taken to indicate that the electric 
field has fallen to such a value that 
saturation no longer exists. The be- 
havior is therefore as described pre- 
viously where the pulses are now to be 
considered in the region of the knee of 
the curve of Fig. 3a (p. 7, Part 1). 
Counting all the pulses above 10 
volts up to time 8,500 sees one obtains 
5.6 X 10° pulses. It is difficult to 
know how many small pulses, below 
10 volts, should be added to this 
result. By extrapolating the measured 
curves to zero* we can estimate this 
number to be about 2.7 K 10°. When 
polarization effects are important, the 


*It may be noticed that the curves do not 
ippear to have the familiar Fermi shapes. 
Kdge effects and backscattering in source and 
letector are probably the principal reasons for 
the observed shapes 
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total number of counts is of the order 
of 8.3 * 10°. The theoretical vaiue 
Vos, computed from the expressions in 
(19a), indieates that about 2 « 106 
counts should be observed to obtain a 
drastic reduction of pulse size. Allow- 
ing for the greater importance of large 
pulses we may take as a rough figure 
1 X 10° pulses, which is the correct 
order of magnitude. Better agreement 
cannot be sought under the conditions 
of the experiment, for edge effects of 
the electric field have not been taken 
into account, and homogeneous distri- 
bution of traps in the crystal and no 
cracks or other barriers have been 
assumed. With very rough data and 
crude approximations, the agreement 
is quite satisfactory. 

Suggested improvements for further 
work are the use of a large erystal and 
the employment of a collimated beam 
of beta particles directed at a small 


region in the center of the crystal. 


35 














sol 
| 
| 
E 
4 
€ 
2 
50) 
% ee ae 30 nee 
FIG. 19. Pulse distribution, observed 


by van Heerden, due to homogeneous 
beta particles of energy 0.4 Mev. The 
tail at the left is due primarily to back- 
scattering of beta particles. The dashed 
curve shows what is expected theoretically 
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FIG. 20. Suggested shape of crystal 
counter to avoid the tail of the pulse 
distribution of Fig. 19 


Along theoretical lines the calculation 
can be improved by use of greater care 
with the distribution of positive sites 
produced by the beta particles within 
the crystal close to the negative elec- 
trode, and also by consideration of the 
negative space charge. 

It is clearly possible to perform 
further interesting experiments on 
polarization effects in crystals with the 
use of alpha, beta and gamma rays. 
As indicated previously, different be- 
havior may be expected for all three 
types of radiation. The large range of 
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dielectric constants available (sily: 
halides ~ 12, thallium halides ~ 3: 


makes other checks possible. 


Efficiency 

Efficiencies are hardly mentioned in 
the literature. However, Ahearn (6/ 
has stated that the efficiency of a dia- 
mond counter increases rapidly with 
increasing voltage gradient and ap- 
proaches saturation at about 4,000 
volts per cm. The highest efficiency 
observed was 60%. Efficiencies for 
beta particle counting have not been 
published for any crystals. 

An efficiency figure of 13% has been 
given (13) for a crystal of AgCl 4 mm 
thick for radium gamma rays. As 
scattering from chamber walls is prob- 
ably important and the number of 
gamma rays from radium uncertain, 
the quoted results are not to be taken 
as indicating more than the order of 
magnitude. Counts of the order of 
amplifier noise must be discriminated 
against and therefore the counting rate 
will, in lower than the 
expected rate calculated from known 
Efficiency figures are 


general, be 


cross sections. 
likely to become reliable as soon as 
plateaus in counting rate are observed, 
as in Ahearn’s results described above, 


Linearity 


The equation 

Qers [noe = Fé/d (7) 
shows that the pulse size is proportional 
to no, which in turn is proportional to 
the energy of the incident beta or alpha 
particle. The crystal counter is there- 
fore a linear device, that is, one in which 
the pulse height is proportional to the 
energy of the incident particle. Van 
Heerden showed that this theoretical 
expectation is verified in practice. Fig- 
ure 19 is reproduced from his thesis 
(p. 64). The curve shows that when 
almost monoenergetic beta particles of 
energy 0.4 Mev strike the crystal the 
resulting distribution of pulse heights 
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has a strong maximum. The width of 
the maximum is due to beta particle 
deviations, 
implifier noise, ete. The low energy 
tail is believed due to backscattering or 


inhomogeneity, statistical 


reflection of the beta particles. 

Van Heerden’s crystal was a flat 
plate. Beta reflected from 
the surface may lose only a part of their 
energy in the crystal plate and so give 
the smaller pulses found in the observed 
tail. In principle the tail caused by 
such reflections could be almost entirely 
eliminated by making the crystal in the 
shape of a hollow cylinder with a small 


particles 


entrance hole for the electrons. Figure 
20 shows a sketch of this possibility. 
In this case only those electrons 


scattered very close to 180° will be lost. 
It is believed 
that single crystals of this shape can be 


All others are recovered. 


grown successfully. 

From Eq. 7 it may be seen that for 
beta or alpha particles the pulse size is 
proportional to energy for any constant 
value of field strength (constant 4). 
It is generally desirable to use satura- 
tion field strength in order to obtain 
signal. When 
gamma rays are counted with saturation 
field strength, the linear relation be- 
tween pulse size and energy will not be 


the largest possible 


preserved since the position of forma- 
tion of a Compton electron (or photo- 
electron, pairs) is indeterminate and the 
pulse size is dependent on this position. 
Furthermore, the Compton electrons 
do not have a unique energy for a given 
gamma The latter property 
means, of course, that a spread of pulse 
heights is inevitable even when count- 
ing monochromatic gamma rays. The 
spread in pulse height due to formation 
of Compton, ete., electrons at different 
places in the crystal can be minimized 
by making the freed secondary electrons 
all drift the same small distance in the 
crystal. A small field should be used 
in this case, resulting, unfortunately, 


energy. 


in small signal pulses. 
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This manner of operating a crystal 
counter to detect gamma radiation was 
first pointed out by van Heerden (6), 
who has given the type of pulse dis- 
tribution to be expected. The distri- 
bution curve can be calculated by 
assuming that: (1) all the ionization 
events produce an equal number (no) 
of secondary electrons, and (2) the 
ionization events are distributed homo- 
geneously over the thickness of the 
crystal. With these assumptions the 
number of pulses (dN) lying in the 
range dQ at Q, where Q is the charge 
pulse, is 


* / o€ ad . 
dN ='ad © 7 = ad - (26) 
7 Lae 
5 Noe 6 d 


where q = Q/noe and @ is a constant 
which is proportional to the absorption 
coefficient of the 
The maximum pulse size is given by 


ionizing radiation. 


d 
Qmaz 6 "is -~ 
— = maz = G (1 e *) 27) 
Noe etn d ( 
and the distribution cuts off at this 


value of qmaz. Corson and Wilson (2) 
have prepared interesting curves (Fig- 
ures 16, 17, 18 of their article) which 
show pulse distributions of the type 
given by Eq. 26. 

If the gamma-ray energies are high 
and the crystal large, it may be possible 
to use the crystal counter as a rough 
‘‘gamma-ray spectrometer’? since the 
pairs, produced in relatively large num- 
bers in this case, will have the energy 
of the quantum except for a constant. 


Search for Counting Materials 

The published work on _ crystal 
counters makes little or no mention of 
the materials examined for the counting 
property. It appears to be unsafe to 
state that a given material ‘‘will not 
count”? even after some tests on the 
material have been made. Some of 
the reasons for this caution are: (1) the 
material may neither be a single crystal 
nor made up of large crystal blocks, (2) 
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impurities may be present, (3) an 
amplifier may have been used which 
does not furnish the optimum signal-to- 
noise ratio—pulses may be present but 
are concealed by amplifier noise or by 
crystal conductivity, (4) particular con- 
ditions, e.g., annealing, low tempera- 
ture, good electrode contact, good 
surfaces, absence of polarization, ete., 
may not be attainable under the specific 
conditions of the experiment, (5) un- 
crystal 


trapping centers may exist, (6) 


and 
the 
“right’’ particle, to give the largest 


suspected imperfections 


pulse, may not have been used (47), 
and (7) unknown causes, such as those 
responsible for making some diamonds 
gamma-ray 
may be present. 

Jentschke (9) has remarked that the 
alkali halides and sulfur were observed 
not to alpha The 
writer has also examined,* with a 501 
amplifier, one specimen of sulfur irradi- 
ated with beta particles of P%? without 
observing counting. Synthetic crystals 
of LiF, NaCl, KI(TI), fluorite, Rochelle 
salt, and natural crystals of calcite and 


counters and others not, 


count particles. 


willemite have also been examined with 
gamma rays at different temperatures, 
Particular attention 
was given to LiF because of the large 
value of its calculated mobility. Heat 
treatment and examination at different 
temperatures were attempted, all with- 


without success. 


out success. D-C observations, with a 
1.8 millicurie gamma 
close to the specimen showed no current 
larger than 1074 ampere although occa- 
sional, but not reproducible, currents 
larger than the above figure were noted. 
It is possible that polarization effects 
may have obscured the results in the 
latter case. 


radium source 


These investigations were 
not pursued further. 
individual pulses were ever observed 
in LiF samples, whether P*? beta parti- 
cles or radium gamma rays were used. 


In any case, no 


* These remarks are made with reservation 
because of the reasons mentioned previously. 
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DISCUSSION OF RESULTS 

Roughly speaking, when a crystal 
shown to count, many of the observe 
find a natur 
explanation in terms of known facts 


counting phenomena 
Some small discrepancies between thy 
ory and experiment have still to be 
further, but no 
known to 


investigated 
departure is 


serious 
The 


energy per ion pair is quite low com 


exist. 


pared with the value for gases and it 
may be expected that a theoretical cal- 
in detail how 
The small 
gap between the filled band and con- 


culation will also show 


this comes about. energ\ 
duction band in the silver halides makes 
an energy per ion pair of 7 volts or so 
The 


requires 


quite reasonable. value of 10 


volts in diamond further 
explanation. Although most facts can 
be explained, it is still not known what 
makes a material a counter. 

As observed previously, the alkali 
halide crystals do not act as counters 
although the earlier considerations con- 
nected with Table 1 do not indicate 
anything unusual about the mobilities 
in these materials.{ This anomaly and 
the apparent absence of the counting 
property in many materials have 
puzzled the author for some time. He 
has proposed a tentative qualitative 
(45) for the 
gamma-ray 


explanation absence 


and presence of count- 


ing in diamond which suggests itself 
for 


general explanation 


absence of the counting behavior 


as a more 
the 
in most insulators, even those which are 
photoconductors. 

This explanation may be put forth 
tentatively as due chiefly to the fact 
that most crystals, normally classified 
as single crystals, are in reality not 
Since the early 
days of X-ray studies of crystals it has 
been found by Darwin, Moseley and 


single crystals at all. 


t F. Seitz has remarked to the writer that the 
presence of the acoustic modes of vibration in 
the alkali halides may lead to somewhat smaller 
values of / at low temperatures (77° K). 


May, 1949 - NUCLEONICS 














that 


exceptions, are 


1. G2, 63, ¢ most cryvs- 


others (¢ 
tals, with rare MOSAICS 
The meaning of this is that most ervs- 
composed of tiny erystalline 


tals are 


single ervstal) blocks oriented almost 
parallel to each other but not exactly 
0 According to and Mark 
a block, for the best 


is of the order of one 


Darwin 
the edge of 
pical mosaics, 
ron (10-4 em In some diamonds 

Mark has 
» 


rientation of 2 minutes of are, 


observed an angular mis- 
while in 
he most perfect NaCl sample studied 
e misorientation is of the order of 15 


nutes of are. Kirkpatrick and Ross 


4) have also found from X-rav reflec- 
tion studies that the width of reflected 
X-ray order of 3.3 


econds of are for calcite (perfect ¢ rvstal 


lines was of the 
es 1.68 seconds of are) while the best 
f NaCl gave a value of 87 
perfect crvstal of NaCl 


imple o 
conds of are 
gives 1.6 seconds of are These results 


ndicate that NaCl ervstals show much 


greater mosaicity than diamond ervstals 
Others imple s of “good” NaClare much 
more mosaic than those of Kirkpatrick 
ind Ross-——900 and 300 seconds of are 

7) P. P. Ewald (66) states that 
nthetie ervstals of rock salt can be 


made with less mosaic structure than 
the sample of Kirkpatrick and Ross, al- 
though these are certainly not generally 
ivailable 

It mav be taken as well established, 
that NaCl, LiF (67), 
other alkali halide crystals 


crystals, 


therefore, and 
probably 
ire mosaic whereas, on the 
other hand, it is possible to find excel- 
lent samples of diamond, calcite and 
Zns 
perfectly single 


most crystals, then, the freed secondary 


which show tendencies of being 


regular crystals. In 
electrons are stopped at crystal boun- 
and the 


motion is 10-* em or less. 


daries average distance of 
Under these 
conditions, 


1.0-Mev beta particle, will be well under 


a single pulse, due to say a 


the noise level of most amplifiers in 


common use. However, it may be 
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possible to observe integrated d-c eur- 


ren! with a strong radioactive source 


in much the same wav as photocondus 


tivity currents are produced. In the 


case of diamond it appears that the 
ordinary Type IT diamonds are micro- 
ervstalline mosaics and the Type Il 
diamonds are constructed of lamina- 
tions about 10 to 100 microns thick 


The author therefore proposed (45) that 


Type Il 


show better volume counting properties 


laminated dinmonds should 
than the Ty pe I diamonds, in agreement 
_ etal 
We might also expect that if the electric 
field 
larger pulses would be 
if the 


laminations. (See 


with the results of Friedman (44 
lies parallel to the laminations 
obtained than 
field is perpendicular to the 
below for further 
remarks on diamond erystal counters 
It is clear that this explanation of the 
absence of the counting phenomenon 
does not furnish a positive criterion for 
That is 


which is not mosaic mav not necessarily 


a counting erystal , a ervstal 
count because of other reasons such as 
traps, impurities, or cracks, although it 
is reasonable to expect that such imper- 
fections are to be associated with 
than 


Other possible reasons for non-counting 


mosaic rather perfect crystals. * 


ervstals mav be a large value of the 
energy gap, p, 


within the erystal for transforming ton 


an efficient mechanism 


excitation energy into thermal vibra- 


tions of the lattice, or the possibility of 
“exciton” levels in the erystal (32) 

The nature and number of traps in 
only for a small 


crystals are known 


number of materials and probably 
depend on the history and treatment of 
the particular specimen. It is to be 
expected that the counting phenomenon 
is a “structure sensitive’? property of 
erystals and, in common with so many 
other structure sensitive properties, has 
However, 


no universal explanation 


the study of materials which count is 


*In this regard, it would be worth investi 
gating good calcite samples for counting 
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likely to increase the stock of knowledge 
of traps and trap mechanisms. 
Mrs. K. Lonsdale (68) has questioned 


the validity of the explanation, pro- 
posed by the author, of gamma-ray 
counting or non-counting in Type II 
and Type I diamonds, and has specifi- 
cally called attention to the fact that 
certain rare Type I diamonds are among 
the most perfect crystals known. This 
latter fact seems to be true, from the 
work of Lonsdale and others, although 
the author’s remarks applied not to 
these rare specimens but to the average 
Type I diamond. One cannot make 
any positive predictions about these 
rare Type I diamonds for the reasons 
mentioned above, although it seems 
reasonable to assume that such dia- 
monds would make good counters. 

Mrs. Lonsdale has also proposed that 
electrons may slip along erystal bound- 
aries in laminated diamonds. This 
cannot be a complete explanation of 
gamma-ray counting in Type II dia- 
monds, as electrons must be produced 
in the body of the crystal before being 
able to reach the boundaries to travel 
along them. ‘The possibility that a 
combined body and boundary motion 
may explain counting in diamond crys- 
tals has been suggested to the author 
by D. Bohm. 

In discussions of diamond counters it 
is worthwhile to keep in mind that the 
distance secondary electrons may travel 
is probably of the order of 0.3 to 0.6 
mm. These figures are based on 
MeKay’s (19) data on a Type II dia- 
mond which give v7’ = 3-6 X 10°¢% 
em?/volt and an assumed _ voltage 
gradient of 104 volts/cm. 

C. V. Raman has kindly pointed out 
that a recent experiment by K. Achyu- 
than (69) on orientation effects in the 
photoconductivity of Type II diamond 
crystals shows that the conductivity is 
a maximum in the direction of the 
laminations. An effect of this kind was 
predicted by the author (45). 
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A discussion of alpha particle cou 
ing in various diamonds has been giv: 
by Ahearn (47) which shows that bo 
Type I and Type II diamonds coun: 
alpha particles. Ahearn (70) has als 
reported, at the Rochester conference 
local variations in the counting rate o 
diamonds when the face of a diamon 
was scanned by an alpha particle beam 
The best counting in one particular 
diamond coincided with a flaw at the 
surface. No explanation has bee: 
given although it has been suggested 
that the flaw may have relieved local 
strains in the region. It may also br 
possible that electrons on the boundaries 
of the flaw are less tightly bound than 
in the body of the crystal, so that it is 
possible to form a large number of 
secondaries at the flaw. Ahearn’s re- 
sults are very similar to the local varia- 
tions observed in photoconductivity by 
Achyuthan (7/7). It is apparent that 
the unraveling of the problem of the 
diamond counter awaits further experi- 
mental research. We see also that the 
more general question, ‘‘ What proper- 
ties determine whether a crystal will 
count?’’ is as yet unanswered. 

Further experimental work is also 
required in the study of impurities 
within counters. Yamakawa and the 
author have prepared mixed crystals of 
NaCl-AgCl with as much as 15% by 
weight of NaCl. These samples be- 
haved as counters, which suggests the 
possibility of preparing a neutron 
counter with a lithium impurity. The 
ease of the mixed thallium halides 
(T1Br-TIL) also shows that mixed erys- 
tals can function as counters. 


CONCLUDING REMARKS 
Present Status 
Linearity. The crystal counter is 
now only one of many different types 
of successful counters. Among the 
other useful counters are the Geiger- 
Miiller counter, the ionization chamber, 


the proportional counter, the electron 
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multiplier counter, the scintillation 
and the parallel plate 
2). The ionization chamber, 


ounter new 
yunter 
proportional counter and crystal counter 
ire linear devices, that is, counters in 
hich the pulse height is proportional 


to the energy of the incident particle. 


In order that such counters be linear 
he particle must lose all its energy 
vithin the counter. In the case of 


onization chambers and proportional 
ounters it is difficult to make an ener- 
vetic beta particle lose all its energy in 
gas of the counter unless a high 
attendant 
With a crystal detector, on 
hand, 
itter to stop a beta particle of energy 
»p to 10 Mev Thus, 
irity of behavior, even for energetic 


essure is used, with its 
lifficulties 
the other it is a relatively easy 


ina small sample. 


irticles, is one of the strong arguments 
or use of a erystal counter. 
Stopping power. 
rystal counter is likely to arise also in 


A major use of a 


ts application to detection of gamma 
rays. The stopping power of a crystal 
s enormously higher than that of a gas 
ind it is this fact that has led to the 

it interest in crystal and scintillation 
It has been mentioned that 
crystals may give efficiencies of 


ounters. 
small 
the order of 10-15 % for radium gamma 

ys. A large érystal specimen may be 
100-Mev 
ind all the products of its interaction 


ised to stop a gamma ray 
with matter (Compton electrons, pairs, 
Bremsstrahlung, X-rays). The high 
5 gm/cm’) of TIBr-TII sug- 
gests further investigation of its proper- 


density (7 
ties along these lines. It is conceivable, 
n fact, that 
devised to behave as gamma-ray energy 


large crystals may be 


sensitive devices, the pulse size giving 
directly the energy of the gamma ray. 
In view of the extreme difficulty of 
measuring energies of hard gamma rays 
by other methods (73, 74), it seems well 
worthwhile to investigate the crystal 
detector as a gamma-ray energy spec- 


trometer. In this connection it seems 
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reasonable to employ a long flat box- 
like crystal with electrodes on its wide 
faces with the gamma-ray beam enter- 
ing parallel to the long direction. Since 
the energy is high for hard gamma rays, 
the voltage gradient will preferably be 
small. In this case the position of con- 
version of the gamma ray to Compton 
electrons and pairs will be unimportant 


unless extremely close to the electrodes, 


as the secondary electrons will drift 
only a short distance in the erystal 
before being trapped. Large single 


crystals of AgCl have been grown com- 
mercially so that the remaining problem 
heat 

crystals. In 


treatment or 
this 
writer’s opinion such a problem ean be 


will concern the 


annealing of such 
solved. 

At the present time the scintillation 
counter vies with the crystal counter 
for high applications — since 
fluorescent 
have been discovered recently [(CaWO, 
(75) density 6.06 gm/ce and Nal (76) 

3.67]. problem 
still remaining is the collection of all 


energy 
materials of high density 


density However, a 
the light from such a large crystal. 
*Resolving time. In the matter of 
resolving time the crystal counter is in 
While not 
scintillation 


an intermediate position. 
as fast as the organic 


counters, phenanthrene and _ stilbene 
0.02 microsecond), the resolving times, 
which are either transit times or trap 
capture times, are of the order of afew 
hundredths to one or two microseconds. 
In diamond the resolving time is of the 
order 0.04 The crystal 


counter is considerably faster than the 


microsecond. 


Geiger-Miller counter, both in respect 
to duration of the pulse and initial delay 
of the pulse, the latter being absent in 
the crystal counter. Ionization cham- 
bers and proportional counters are also 
relatively slow (3-10 
The crystal and scintillation counters 
both offer the attractive possibility of 
measuring the time interval between 
the same 
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microseconds 


two events which occur in 





counter material, even though the time 
interval is of the order of, or less than, 
the duration of the individual pulses 
It must be remarked that amplifier 
noise caused by wideband operation 
places a limit on the speed of the crystal 
counter unless the pulse corresponds to 
a large energy. Such a restriction is 
not binding on the scintillation counter. 

Lifetime. ‘The useful lifetime with- 
out treatment of a ervstal counter 
depends on the application. For pene- 
trating radiation the field may be 
periodically reversed to avoid polariza- 
tion effects and the lifetime would ap- 
pear to be very great, perhaps unlimited, 
For beta particles which penetrate only 
a short distance within the ervystal 
(Ag( } A AgBr) the lifetime before reheat- 
Ing 1s probably of the order of a few 
million counts for a small crystal 
Reheating and recooling allows the 
crystal to be used indefinitely. How- 
ever, there is no question that the 
polarization effects place serious handi- 
caps on the ervstal counter. For, as 
the crystal polarizes, the pulse size may 
vary during an experiment. I fforts 
made to release frozen charges at a slow 
rate are definitely recommended. The 
scintillation counter would appear to 
have very long life. 

Lowest detectable energy. ‘his 
quantity is probably the energy equiva- 
lent of 100 or 200 electrons with present- 
day tubes (6AK5) and therefore, in 
principle, about one or two electron 
kilovolts. However, this low energy 
places a limit on the speed of counting 
at about 160 counts per second. The 
lowest detectable energy for a scintilla- 
tion counter is not known but is prob- 
ably less than five kilovolts. The 
Geiger-Miller counter can detect ener- 
gies less than one kilovolt, the only 
limitation here being the window thick- 
ness. Windows are not required in 
erystal and scintillation counters 

Limitations on experimental possi- 
bilities. It is in this category that the 
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low temperature crystal counter suffers 


greatly with respect to other counter 

This may be a temporary. situatio 

which can be ameliorated by discover 

of a new efficient room temperatur 

counting material. However, at pres 
ent, when one desires to make use of thy 
large amount of material in a solid by 
employing a large crystal, he is limited 
to the silver or thallium halides which 
require low temperatures and annealing 
procedures. Both requirements force 
one to use bulky, massive and compli- 
cated cooling and vacuum systems 
In some experiments, for example, 
scattering problems involving gamma 
ravs, the dewar and vacuum chamber 
walls must be present and can add 
seriously to background or spurious 
counts. 

In the ease of small detectors it 
seems that it will not be possible to 
improve greatly on diamond or CdS 
Diamond or CdS counters may be 
superior to scintillation counters in this 
respect as they merely require two con- 
necting wires, whereas the fluorescent 
material requires a photomultiplier in a 
dark box or a light-piping scheme. 


FUTURE POSSIBILITIES 

It will appear to the reader that the 
crystal counter field has been barely 
opened by the past and current efforts 
However, the quite likely discovery or 
preparation of a new counting material 
may alter matters considerably. There 
is certainly more than just a hope that 
some known or new material may be 
perfected to serve as a room tempera- 


Note added in proof: Two papers (78,79) on 
Cds have recently appeared The paper by 
Frerichs and Siegert deals with gamma-ray 
irradiation and trap configurations. Informa- 
tion on traps has been obtained by studies at 
different temperatures. The work of Gold 
smith and Lark-Horovitz concerns pulse size 
and pulse rise times in CdS. Quite large pulses 
12 mv for Po alpha particles and 6 my for RaE 
beta particles) were observed by the latter 
authors, indicating a low energy per ion pair 
Pulse size distributions are also given in this 
paper. Pensak (SO) has observed electron 
bombardment-induced conductivity in quartz 
and other substances. 
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ture counter, or that some new tube or 
idvance in the electronic art may be 


made which will allow amplification 
vith a lower noise level. In crystal 
ounter applications the erystal does 
not appear to have noise comparable 
vith the noise introduced in bringing 
the signal to a higher power level.* 


While much interest has been drawn 
rom the erystal counter to the scintilla- 
tion counter by the rapid and spectacu- 
ir advances in the latter field, there is 
still a great deal to be learned about the 
solid both 


nh respect to fundamental 


conduction-type counter 
obtaining 
knowledge of the ervstalline state and 
a new tool for 


n regard to its uses as 


tudving penetrating radiation. 








remarkable results of Kallmann and 
Warminsky with CdS may encourage 


research in both these directions 
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The Hard Component 


For MANY YEARS the nature of the hard 
or penetrating component constituted 
one of the most puzzling problems in 
cosmic ray physics. The solution to 
this problem was found in the discovery 
of a new elementary particle which re- 
ceived the name of mesotron. 

The hard component consists of about 
55% positive and 45% negative parti- 
cles. The main difficulty arose from 
the fact that it is impossible to reconcile 
the properties of these particles either 
with electrons (positrons) or with par- 
ticles of protonic mass, which are the 
only known charge-carrying particles in 
atomic physics. 

That the particles are not electrons 
can be seen from the fact that they are 
much more penetrating than electrons 
and are not shower producing. In 
early times there was some doubt 
whether the quantum theory of radia- 
tion could be applied to particles 
of such high energy. Experimentally, 
however, the validity of radiation 
theory could be very well established up 
to the highest energies available with 
cosmic ray electrons. 

On the other hand, the particles in the 
hard component cannot be protons since 
the measurement of the curvature in a 
magnetic field of the slower particles, 
together with their specific ionization, 


a4 


gives values which do not agree with 
the corresponding data for protons, 
quite apart from the fact that nearly 
equal numbers of positive and negative 
particles are observed and the negative 
proton is not known to exist. 

In short, these two experimental 
facts tell us, therefore, that the mass of 
the hard component particles is much 
larger than the electron mass, since 
their radiation loss is much less than 
that of electrons (the radiation loss of a 
particle is inversely proportional to the 
square of the mass), and considerably 
less than the proton, since tracks of 
equal specific ionization are much more 
strongly curved in a magnetic field for 
the hard component particles 

A large amount of additional evi- 
dence was gradually accumulated which 
corroborated these findings and led 
finally to the discovery of the mesotron. 
The nature of the mesotron is not yet 
fully understood. A great deal of 
research is in progress and new results 
bearing on this question are being 
published in rapid succession, We 
shall here briefly summarize the present 
state of our knowledge of the nature 
of the mesotron. 

The most recent and probably the 
best mass determination is due to W. B. 
Fretter (29) who finds a value of 202 
electron masses with a statistical error 
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if 5 e.m. for the cosmic ray mesotrons 
sea level There is no indication of 
nore than one mesotron mass. Sub- 
stantially the same conclusion is reached 
by Hughes (30) who analyzed some 
fty mass determinations by many 
lifferent methods and investigators. 
Recently (37), however, conclusive 
vidence has been presented for the 
existence of a mesotron in the hard com- 
ponent of the cosmie radiation with a 
iss larger than the ordinary mesotron 
mass. Such particles were first dis- 
covered in photographic plates exposed 
to cosmic radiation at higher altitudes 
This important result is corroborated 
by the reports from Berkeley according 
to which mesotrons can be produced 
irtificially with a-particles of 380 Mev 
energy The mesotrons observed could 
clearly be divided into two groups, one 
of mass about 216, and the other of 
about 286 e.m. 
The second relatively well-established 
fact about the mesotron is its radio- 
tivity. Mesotrons decay spontane- 
ously probably into an electron and a 
neutrino. The decay time for the 
ordinary mesotron (we refer to the 
mesotron of mass 200 e.m. as the 
‘ordinary mesotron,’”’ since it is ap- 
parently the most abundant in the hard 
‘omponent of the cosmic rays) is found 
to be 2.2 X 1078 see 
The most direct evidence of the decay 
process is cloud chamber pictures (22) 
which show tracks of mesotrons which 
get stopped inside the chamber and 
show a decay electron starting from the 
end of the mesotron track. The two 
kinds of tracks are easily distinguishable 
on account of their difference in specific 
ionization 





Another evidence is the anomalous 
absorption of mesotrons in air. Meso- 
trons in air show larger absorption 
than in the same amount of a denser 
material. The difference can be ac- 
counted for with the decay of the 
mesotron. Since a mesotron of given 
momentum spends a longer time trav- 
ersing a certain amount of air than 
traversing the same amount of a denser 
material, the probability for its decay in 
air is larger than in the same amount of 
a denser absorber. Consequently fewer 
mesotrons will be recorded behind air 
than behind the denser absorber. 

The most precise determination of 
the lifetime of mesotrons, however, 
were made with a delayed counter ar- 
rangement which in principle may look 
as indicated in Fig. 8. The three coun- 
ters A are in coincidence and separated 
by about 10 cm of lead. Thus they 
register only mesotrons which enter in 
the vertical direction. The counters in 
tray B are in coincidence but in anti- 
coincidence with the system A. Thus 
only mesotrons will be registered which 
are stopped in the absorber 6. The 
counters in tray C are all in parallel and 
in delayed coincidence with A. The 
delay time may be adjusted to vary 
over several microseconds. Thus the 
system as a whole registers only meso- 
trons which are stopped in b and are 
followed by the emission of an ionizing 
particle several microseconds later. 
From the number of particles which are 
ejected for various time delays one can 
obtain a decay curve for the mesotron. 

When this experiment was carried 
out with a heavy absorber b, it was 
found that only about half of the meso- 
trons which are stopped in b are followed 








Epitor’s Note. In Part I of this paper, published last month, the following 
subjects were discussed: Discovery and Experimental Methods, Altitude 
Dependence of Cosmic Rays, Components of Cosmic Rays, Geomagnetic 
Effects, and the Soft Component. The numbering of sections, figures, and 
references in this second half of the paper is continued from the first half. 
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FIG. 8. Counter arrangement for meas- 
uring the lifetime of mesotrons 





by a decay electron. This result was 
expected on the basis of Yukawa’s 
theory of the mesotrons. As early as 
1935, Yukawa (33) postulated the 
existence of a new elementary particle 
on purely theoretical grounds. This 
particle was to be intimately associated 
with the nuclear forces. Yukawa’s 
theory predicted that the particles 
would have a mass of about 200 mass 
units and that they would be radioac- 
tive. When the cosmic-ray mesotrons 
were discovered with just these proper- 
ties there seemed no doubt that Yuka- 
wa’s particles were real and were here 
actually observed. According to this 
theory these particles would interact 
strongly with the nucleons (neutrons 
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and protons) and, according to the ca 


culations of Tomonaga and Araki (3/4 
negative mesotrons have a much larg: 
probability of getting captured in 
nucleon than undergoing a_ decay 
Thus only the positive mesotrons shoul 
be observed with a delayed decay 
electron. 

At first the mesotron theory of! 
Yukawa looked very promising. How- 
ever, there were several details which 
did not agree very well with the experi- 
mental facts. In the first place, the 
radioactivity predicted by the meso- 
tron led to a lifetime of about 10-* sec, 
which is roughly one hundred times 
smaller than the actually observed 
lifetime. Next, the actually observed 
mass of the cosmic-ray mesotron does 
not fit very well the mass value deduced 
from the interpretations of proton- 
proton scattering. Hoisington, Share 
and Breit find a mass value of 326 in 
good agreement with the scattering 
data but 200 e.m. quite outside the 
experimental error. Finally, the ex- 
periments with the delayed counter 
coincidences just discussed showed (35) 
that in a light absorber b (Fig. 8) such 
as Be or C, all the mesotrons decay, 
whereas in a heavier one such as Fe or 
Pb only the positive mesotrons decay. 
A quantitative comparison of this 
result with the result deduced from the 
Yukawa theory reveals (36) that such a 
behavior could be expected only if 
the strength of the interaction were of 
the order of magnitude 10’ times smaller 
than is needed for the theory of nuclear 
forces. 

This state of affairs must be con- 
trasted with another body of informa- 
tion relating to the origin of the meso- 
trons in the atmosphere. It is almost 
certain that no mesotrons enter the 
atmosphere from the outside. This 
may be concluded most easily from 
the fact that they are radioactive 
with a lifetime of only a few micro- 
seconds and therefore could not possibly 
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long time needed to reach 


the earth 


irvive the 
inter- 
is that 


level 


from 


he surtace o 
tellar space Another reason 
the mesotrons observed at sea 
iry positive and negative charge in 
lmost equal amount. If they were 
primaries there should be practically no 
ist-west effect at sea level in disagree- 
A third 
eason is found in the fact that aecord- 
Blackett the 


at sea level is only 


ent with the observations. 


g to average energy 
the mesotrons 
bout 3 Bev 


the atmosphere as estimated from the 


The total energy loss in 


specific ionization amounts to 2 Bev 


If the mesotrons were primaries, their 
verage energy at the top of the atmos- 
But 
this is impossible since it follows from 
the latitude effect of the 
that 90% of the 
responsible for the hard component at 


would therefore be 5 Bev. 


phere 
hard com- 
ponent primaries 
sea level must have energies larger than 
15 Bev This argument shows in addi- 
tion that, in the average, each primary 
produces from 3 to 5 mesotrons which 
share the initial energy of the primaries. 
that the 
trons are secondaries produced by some 


It follows therefore meso- 


other kind of primary radiation. Since 
there is strong evidence that the pri- 
naries of the hard component are pro- 


t 


ms (see below), we must expect that 
protons upon entering the atmosphere 
produce the mesotrons in a collision 
process with the nuclei of the air atoms. 
From the fact that very few fast pro- 
tons are observed even at very high 
iltitude it follows that the cross section 
for such processes must be very large. 

\ quantitative theoretical study of 
the production of mesotrons by primary 
protons was made by Hamilton, Heitler 
ind Peng (3? In this theory the 
protons are supposed to interact with 
mesotrons with a strength determined 
essentially by the nuclear forces. Two 
types of mesotrons are considered, the 
pseudoscalar (spin 0) and the vector 


spin 1) mesotrons. The vector meso- 
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with a life- 


approximately 107° see (the 


tron is assumed to decay 
time ol 
time required in Yukawa’s theory of the 
B-decay) whereas the pseudoscalar 
mesotron is supposed to have the ob- 
served lifetime of the ordinary cosmic 
ray mesotron. The theory predicts that 
the primary protons with energies larger 
than 1 Bev 


such a rapid rate that they lose most of 


will radiate mesotrons at 


their energy in an atmospheric layer of 


about 50 gm em~*?. The vector meso- 


trons then disintegrate rapidly into 
electrons and neutrinos, thus giving rise 
to the soft component at high altitude 
The 


trons, on the other hand, are 


longer-lived pseudoscalar meso- 
the ones 
which reach the surface of the earth and 
form the hard component at 
altitude. Qualitatively — the 


gives the right altitude dependence of 


lower 
theory 
the two components. A quantitative 


comparison with the experiments is 
In the 


first place, mesotron production in this 


meaningless for several reasons 


theory is considered as a single elemen- 
tary process such that in each process 
exactly one mesotron is produced. 
Lately, however, experimental evidence 
has been accumulated which shows that 
mesotrons can be produced in bursts of 
from 5 to 10 


Furthermore, the 


mesotrons in a. single 


process. pseudo- 
scalar mesotron is assumed to interact 
strongly with the protons, as it follows 
from the mesotron theory of nuclear 
forces. But this is no longer possible in 
the light of the newer experiments on 
mesotrons in 


the decay of negative 


absorbers just discussed above. In 
addition, it has been observed recently 
that the heavy mesotrons may decay 
into the lighter ones, a process which 
was not assumed in the mesotron theory 
of nuclear forces underlying the calceula- 
tions of Hamilton, Heitler and Peng 
Finally, it has been shown by Schein 
that 
are also produced by a 


and collaborators (38 mesotrons 
non-lonizing 


radiation. 
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It is thus clear that a more complete 


theory is needed for giving a quantita- 
tive description of the distribution of 
the components at various altitudes as 
well as the geomagnetic effects. There 
seems no doubt, however, that meso- 
trons are produced in the higher at mos- 
phere at an exceedingly rapid rate. On 
the other hand, the mesotrons at sea 
level interact only very weakly with the 
nucleons. Therefore, 
duced by 


mesotrons pro- 
the primaries are different 
from mesotrons observed at sea level 
As a working hypothesis one may 
assume that the heavy mesotrons inter- 
act strongly with the nucleons and are 
lifetime about 9 & 107° 


are 


fast decaying 
The 


decay products of the heavy mesotrons 


sec). ordinary mesotrons 
and interact only very weakly with the 
nucleons. 

\ partial check on this hypothesis 
can be found by a direct measurement 
This 
seems very difficult since the mesotrons 
lifetime. It 
however been possible to make some 


of the spin of the mesotron. 


have such a short has 
assertions about the spin of the meso- 
trons in cosmic rays by measuring cer- 
tain electromagnetic effects due to the 
spin. The underlying theory is based 
on the calculation of the emitted elec- 
tromagnetic radiation for a close colli- 
electron with an atomic 
nucleus (39). It turns out that at sea 


level the large bursts of ionization in a 


sion of an 


shielded ionization chamber are largely 
due to this radiation. Moreover, the 
calculation shows that the dependence 
of the frequency of occurrence for such 
bursts on the size of the bursts is very 
sensitive to the spin of the mesotrons 
which produce the radiation. The size- 
frequency curve measured by Lapp (40) 
over a period of five years taken at ses 
level can be made to agree either with 
spin 0 or 4% but definitely excludes the 
value 1. We conclude therefore that 
the mesotrons at sea level have spin 
smaller than 1. 
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On the other hand the same measu 
ments at higher altitudes give a cur 
which lies between the curves for sp 
1s and 1. Thus this experimental 1 
sult is in agreement with the theory t] 
the cosmic-ray mesotrons at higher alt 
tude contain a mixture of two differe: 
kinds of mesotrons, one of spin 1 an 
the other of spin 0 or 14. 
mesotron would presumably have to | 


The spin 


identified with the heavier mesotron ri 
cently observed on photographic plates 
We turn the geomagneti 
effects of the hard component. Thx 
latitude effect at sea level is essentially 
that of the total radiation and amounts 
thus to about 9%. At higher altitude 
the latitude effect, as measured by Gill 
Schein and Yngve (4/) and by Swann 
and Morris (42), was found to be 30°, 
at 270 gm cm~? atmospheric depth. In 


now to 


contrast with this, Bhabha (43) and 
co-workers infer from a comparison of 
their measurements with 
Schein co-workers that at the 
same altitude the effect amounts to only 
18%. This value may, however, be 
subject to large error because it was ob- 


those of 
and 


tained by a comparison of experiments 
which may have a different efficienc 
for recording the hard component. 

The east-west effect at low altitude is 
essentially that of the total radiation 
and amounts to about 15% (positive 
at 2 = 45° and A = 0°. It decreases 
with increasing value of A. Finally the 
east-west effect of the hard component 
at higher altitude was recently meas- 
ured by Yngve, Schein and Kraybill 
(44) and was found to be 45% for 
2 = 45°, X = 27° and depth of about 
240 gm ecm~*._ It is expected to be even 
larger at lower geomagnetic latitude and 
higher altitude. 

The comparison of these high positive 
values for the east-west asymmetry 
with the value obtained from the 
Lemaitre-Vallarta theory reveal that 
most of the primaries of the hard com- 
ponent must be positively charged. 
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* Penetrating Showers and Stars 
The cascade showers which were dis- 
cussed in Part I are not the only kind of 


showers which occur in cosmic rays. 





For a long time various workers oc- 
sionally obtained cloud chamber 
tracks of showers which could penetrate 
several radiation units of lead without 
indergoing the usual multiplication 
vhich is so typical for the ordinary clee- 
tron showers. A study of such showers 
revealed that they probably consisted 
mostly of protons. Occasionally they 
may occur with nuclear fragments. 
Direct observations of nuclear disrup- 





tions which break up the nucleus into 
eral parts were first observed by 

and Wambacher (45) on photo- 
iphic plates. Several heavily ioniz- 
r tracks occurred with a common 
rigin, giving the appearance of a star. 


The fre quency of occurrence of both 


the penetrating showers and the stars 
nereases rapidly with increasing alti- 
tude. ‘The increase is approximately 


exponential: e~*/4, with a value of 





lL ™ 125 gm~? and is about at the same 
rate as the increase of the soft com- 
ponent. From this fact it has been 
concluded until recently that stars are 
produced by photons of the soft com- 
ponents. However it is now fairly well 
established that neither the nuclear 
disruptions nor the penetrating showers 
ire produced by the scft component. 

Cloud chamber pictures which were 
made under lead show stars and pene- 
trating showers which are not accom- 
panied by electrons. This would be 
mpossible if these events had been 
initiated by a photon or electron since 
they would be accompanied by a 
shower. Similar experiments were 
made with counter arrangements which 
could detect the accompanying showers. 

Various experiments show _ that 
neither the penetrating showers nor 
nuclear disruptions show any appreci- 
able reduction behind thick layers of 
lead. For the latter process, for in- 
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stance, a lead absorber of 30 em showed 
a decrease in the frequency of only 30%, 
which is quite incompatible with the 
assumption that a soft component 
particle originates the process. Both 
the altitude variation and the behavior 
behind absorbers are in agreement with 
the assumption that the penetrating 
showers and the stars are produced by 
fast protons and neutrons. It is not 
impossible, however, that, in addition, 
heavy mesotrons or neutral mesotrons 
may be responsible for these events. 

It has also been found that some of 
the penetrating showers in air are often 
accompanied by large air showers. 
Cloud chamber pictures also often show 
the simultaneous occurrence of soft 
showers with the penetrating showers. 
At present the exact mechanism of the 
penetrating showers is not well enough 
understood to interpret this fact with 
any degree of certainty. 


The Primaries and the Genesis of 
Cosmic Rays 

In the previous sections we have pre- 
sented most of the experimental facts 
which have any bearing on the question 
of the nature of the primaries and the 
subsequent transformations which these 
primaries undergo in the atmosphere 
A complete theory of cosmie rays in the 
atmosphere would involve a calculation 
of the known component structure, 
their intensity distribution, their varia 
tion with height and their geomagnetic 
effects in terms of the elementary cross- 
sections for the individual transforma- 
tion processes. There are as yet too 
many uncertainties involved to give 
such a theory at the present stage of 
cosmic ray research. Nevertheless, 
certain qualitative statements can be 
made at this time on the basis of the 
known phenomena with great certainty. 

We begin with a discussion of the 
nature of the primaries. The numerous 
experiments on the geomagnetic effects 
of the hard component establish 
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almost with certainty the fact that the 


primaries of the hard component are 
protons. The question remains vet 
whether there are other primaries be- 
sides the protons. In the first place, 
the neutrons are not likely to be among 
the primaries for various reasons. The 
free neutrons are unstable, with a 
probable lifetime not larger than a few 
hours. This is sufficient to rule them 
out as primaries. Moreover, if they 
were responsible for an appreciable frac- 
tion of the hard component, the geo- 
magnetic effects would be quite differ- 
ent from the observed effects. On the 
other hand, the important experiments 
by Schein, Jesse and Wollan (26)* 
and seven vears later by Hulsizer and 
Ross (27)* rule out photons or electrons 
as primaries. We have already dis- 
cussed the reasons why mesotrons are 
out of the question as primary particles. 
With this we have exhausted the list of 
known elementary particles. There 
still remains the possibility that positive 
ions of heavy elements occur among the 
primaries, either partially or wholly 
stripped of their surrounding electrons. 
Such ions have recently been found with 
the photographic plate method, and 
their relative frequency was found to be 
such as to constitute about 0.1% of the 
total incoming primaries. The pres- 
ence of these ions in the primaries may 
have important consequences for the 
speculation about the origin of cosmic 
rays, but for the transition effects in the 
atmosphere they have only _ little 
influence. 

Unless we want to invent new parti- 
cles which are not yet observed, we 
should try to examine the hypothesis 
that the total primary radiation con- 
sists of protons (with the exception of 
the above-mentioned heavy ions). 

The crucial experiment is that by 
Johnson and Barry (25)* on the east- 
west effect of the total radiation at very 
high altitudes (30-60 gm em~*). It 
was pointed out by these authors that 
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the small east-west effect of the tot 
radiation together with the known lat 
tude effect would require that thy 
charges of the primaries which = ar 
responsible for the soft component 
high altitude would have to be negatiy: 
and positive. Sinee this experimen: 
was performed, the east-west effect o 
the hard component at high altitud 
has also been measured and reveals ; 
very large positive value which would 
make the east-west effect of the soft 
component at high altitude possibly 
even negative. To this, one must re- 
mark that the soft component at high 
altitude contains a large number of low 
energy electrons (very few penetrate 
4 cm of lead, which corresponds to : 
critical energy of about 600 Mev). If 
they have their origin in a decay process 


of fast-decaying mesotrons of low mo- 
mentum, or are the by-products of 
penetrating showers, they would be ex- 
pected to have undergone a considerable 
change in direction from the original 
direction of the primaries. Thus a 
smaller east-west effect than that of 
their positive primaries would be ex- 
pected. To decide this question, an 
experiment which measures directly the 
east-west effect of only the soft com- 
ponent at very high altitude (not the 
total radiation) should be made. Then 
the effect of the above-mentioned 
angular spread of the soft component 
should be ealeulated and the result 
compared with such an experiment. 
Before this is done we feel that the evi- 
dence is not sufficient to rule out the 
hypothesis that all the primaries are 
protons. t 


* Reference in Part L. 

+ The experiment mentioned here has now 
been performed by W. C. Barber Phys. Rev. 75, 
590 (1949). He finds the asymmetry for the 
soft component much larger than Johnson and 
Barry (25) and not in disagreement with the 
assumption that all primaries are positively 
charged. Although the east-west effect of the 
soft component is still somewhat too low, the 
author feels that the deficiency in the asym- 
metry can probably be explained by the change 
in direction which the secondaries have under- 
gone in the production process. 
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lo avoid the above-mentioned diffi- 
iltv. with effect of the 
oft component at high altitude, Arley 


the east-west 


6) has postulated the existence of 


negative protons in the primaries. 
Such negative protons are possible in 
Dirae’s theory of holes as applied to the 
They 


been observed in any experiment, how- 


ordinary protons. have never 
ever, and their existence is rather hypo- 
thetical since the use of Dirac’s theory 
for a proton is not necessarily correct 
n view of the anomalous value of the 
magnetic moment 

Although it 
onnected with the Johnson-Barry ex- 


removes the difficulty 


periment, this hypothesis is nevertheless 


intenable There are two main rea- 


sons for this. In the first place, most of 
the energy of the incoming negative 
protons would have to be in the field- 
sensitive region of the radiation, that is, 
15 Bev. According to Arley 


they would be annihilated at the very 


iround 2 


top of the atmosphere under the emis- 
sion of two photons. These photons 
would then be the parents of a begin- 
which 


cascade would 


soft 


ning 
furnish the 


process 
near the 
Below about 


component 
top of the atmosphere 
one radiation unit of air there would still 
number of electrons with 
than 1 Bev. 


collaborators 


he a large 


energies larger However, 


Schein (26)* and have 
found that practically all the electrons 
it one radiation unit below the top of 
the atmosphere-have energies less than 
1 Bey 

The second reason against this theory 
is that the cross section for the annihila- 
from the 


Dirac theory is smaller by a factor 10? 


tion process as calculated 
than the value needed to explain the 
large number of secondary electrons at 
high altitude. 


Therefore, we conclude that the 
assumption of protons as primaries is in 
best all-around agreement with the 


* Reference in Part I. 
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known experimental facts on cosmic 
rays. 
It remains to be shown how. this 


proton hypothesis accounts for the 


known component structure of the 
cosmic radiation at various depths in 
the atmosphere. 

In the first place we need a mechanism 
by which the primary protons lose 
energy very rapidly and produce the 
intense mesotron radiation at very high 
altitude. The experiments at high alti- 
tudes that 


probably produced in multiples ranging 


indicate mesotrons are 
perhaps from 5 to 10 for each individual 
probably on the 
If the Berkeley 


considered a 


process depending 
energy of the primaries. 
experiments are safe 


indicator of the mode of mesotron 
production we would expect that the 
mesotrons thus produced are of the 
short-lived heavier type which decay in 
10-5 sec 


mesotron§ of 


into the longer-lived 
200 e.m. 


about 
mass usually 
observed at sea level. 

Primary protons may also start show- 
ers either by bremsstrahlung or pair 
creations or by as yet unknown proc- 
giving 
showers. As 


esses rise to the 


larger air 


was already indicated, 


these showers, however, cannot be 
considered as the main part of the soft 
component since experimentally only a 
few per cent of the component at high 
altitudes can have energies larger than 
1 Bey. 


component at 


The main contributions to the 
soft high altitude must 
First is the 
This 


certainly the main 


from two 


decay of the ordinary mesotron. 


come sources, 


process is almost 
source of the soft component near sea 
level. At higher altitude it does not 
seem enough. There still 
another as yet little understood proc- 


must exist 
ess, which furnishes the main contribu- 
tion to the soft component at high 
altitude. It must be a_ relatively 
effective process which is initiated prob- 
ably by very high-energy particles but 
considerably 
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furnishes electrons of 





lower energy (less than 10° ey One 
would expect thus some kind of multi- 
ple process whereby a large number of 
electrons are produced in one single 
process. 

As one goes farther down into the 
atmosphere the composition of the com- 
ponents changes gradually. The heav- 
ier mesotrons are eventually replaced 
by the lighter (ordinary) mesotrons and 
some of the latter decay 
collide with electrons in the air mole- 


and others 


cules thus contributing more to the’soft 
component. The soft component on 
the other hand first multiplies and then 
gets absorbed but is partly replenished 
by the hard component. 

This qualitative picture of the genesis 
of cosmic rays in the atmosphere shows 
that a quantitative theory would be 
quite complicated. It is very difficult 
at the present stage of knowledge to go 
beyond a qualitative description espe- 
cially for the effects at high altitude 
since the fundamental processes in- 
volved are practically unknown. 

In conclusion of this section we 
should mention that there 
neutral mesotrons present which in turn 
may decay into a pair of charged parti- 
Neutral mesotrons have not yet 
but. their 
in the recent 


may be 


cles, 
been observed, existence is 
postulated forms of the 
theories of the nuclear forces. A quan- 
titative theory has little chance of suc- 
cess without some definite information 
on the role of neutral mesotrons in cos- 


mic rays. 


Speculations on the Origin 
of the Primaries 


A general review paper on cosmic 
rays would not be complete without a 
discussion of the speculations which 
have been made so far on the origin of 
the primaries. At the present time a 
complete theory of the origin of the 
primaries does not exist. 

Any satisfactory theory must explain 
the following properties of the primaries 
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which were discussed in this review a 
which we summarize here once more 
convenience: 

1) The majority of the primaries a 
protons. At least one in o; 
thousand primaries is a hea 
positive ion with nuclear charges 
ranging between those of carbo 
and iron. It is possible and in 
fact very likely that a-particl 
enter as primaries also, but 
apparently this is not known yet 
No primary electrons are observed 
The total directional intensity o! 
the primaries is 0.12 particles 

sterad~!, They ar 
nearly isotropically distributed 
(anisotropy less than 0.05%). 

The primaries 
energy spectrum of the form 


0 aw’ 1.8 
F(E) = 0.05 Co) sec”! em 


E >6 X 10° ev.i 
10 ey 
certainty 


em? sec! 


have an integral 


for energies 
Primary energies up to 
are established with 
and strong indications point to 
energies as high as 10" ev. 

The periodic variations of th 
primary intensity with the periods 
of the solar system are exceed- 
ingly small and can be adequately 
secondary effects 
magnetic 


explained as 
primarily due to the 
field of the sun. 

The following conclusions seem rather 
obvious and are the starting point of 
almost all attempts to make a theory 
of cosmic rays: 

a) Cosmic rays are apparently really 


* Since this article was written several work- 
ers have detected a-particles in the primaries 
both with the Wilson cloud chamber and the 
photographie plate. The abundance of a-par- 
ticles is estimated to be about 20% of the total 
radiation. 

t This energy spectrum refers to the total 
radiation regardless of the composition of the 
primaries. The important question whether 
the heavier nuclei which are present in the 
primaries follow the same energy spectrum is at 
present under investigation but not yet decided. 
Preliminary indications seem to favor the view 
that the energy spectrum of heavier nuclei is dif 
ferent from that of the protons. 
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cosmic in origin. That is, they 
have their origin probabiy far out- 
side the solar system. Further- 
more, a normal star like the sun is 
apparently not a source of cosmic 
rays. Otherwise we should expect 
the sun itself to be a strong source 
which would give rise to strong 
periodic variations. 
b) The 


which 


simple energy spectrum, 


seems to be valid over 
the 


points to a single process 


several powers of ten for 


energy, 
of the total radiation rather than a 
basically dif- 


superposition from 


ferent processes. 


c) The almost complete isotropy 
favors sources which are either 
fairly uniformly distributed or in 


vhich the magnetie fields are sufb- 
ciently strong to change the direc- 
the 
source and the observation point 

We shall omit 
theories which are 


ment 


tions many times between 
the discussion of the 
in obvious disagree- 
the 
first 
sifting according to this principle leaves 


with any of the faess about 


primaries summarized above. A 


is essentially with two types of specula- 


tions which merit a more careful 

examination: 

a) The origin of cosmic rays is seen 
in some kind of annihilation 
process 

b) Cosmic-ray 
an acceleration process in electric 


fields 


energies originate in 


Sefore discussing some — specific 


theories of this sort it is desirable to 
refer to some difficulties which are en- 
countered by any theory. 

If the radiation originates inside the 
galactic system then such radiation is 
constantly streaming out of that system 
into through the 
If we assume 
that the density at the earth is typical 


intergalactic space 


boundary of the galaxy. 


for cosmic rays all over the galaxy, a 
simple calculation shows that the net 
flux of energy out of the galaxy is about 
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10%? erg sec™!. This seems an enor- 
mous amount of energy since it is 
comparable in amount to the rota 
tional energy of an average star. Since 
there are about 8S * 10'° stars in the 
galaxy the total energy emitted during 
the lifetime of the galaxy (-~ 10'° vears 


would be more than 10‘ times the rota- 


tional energy of all the stars 


This is of course not a conclusive 


reason against an intragalnetic origin 


There are several possibilities to get 


around such consequences. In the first 
place we may assume that cosmic radia- 
tion exists not only inside the galaxy 
but also in intergalactic space and that 
small if 


second 


therefore the net flux is very 
the 


place, if there exists an axial magnetic 


not altogether zero. In 
field as small as 10 gauss inside the 
the 
practically trapped inside the galaxy 


galaxy, cosmic rav particles are 


For a 20-Bev proton in such a field has 


a radius of about three light vears, 


compared to 
35,000 light 


which is entirely negligible 
the 
vears of the galaxy 


major axis of about 

To the first of these alternatives we 
must remark, that a practically uniform 
distribution in intergalactic space 1s 
subject to a partial experimental check. 
Such a distribution would be expected 
to be isotropic in a coordinate system 
the 


center of gravity of the nearest galaxies 


which is at rest with respect to 
It would not be isotropic for a point 
such as the sun which is partaking in 
the general rotation of the galaxy. An 
this effect 


The results seem to 


experimental check of has 
been attempted. 


favor the absence of such an anisotropy 


although the evidence is rather 
uncertain (47). 
The second alternative has been 


discussed by various authors (48), and 
from their discussions it seems likely 
that such fields of the order of magni- 
tude 10-!2 to 10-8 gauss may very well 
exist inside the galaxy. It may be 
worth pointing out that the galaxy is 
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then practically a closed system for 
cosmic ray particles, since not only are 
they trapped in the galaxy but no parti- 
cles can enter from the outside either. 

Another difficulty which should be 
discussed is the propagation of cosmic 
rays. Cosmic ray particles which are 
charged produce a space charge and 
may also produce magnetic fields, which 
in turn may limit the propagation of 
such charged particles through space. 
For instance it has been remarked by 
Swann (42) that if cosmic ray particles 
are charged and uniformly distributed 
they would have a space charge which 
would produce a_ potential difference 
between the center and the periphery 
of a sphere of radius FR in light years 
given by 

10'* R? volts 

This result may not mean as much as it 
that 
interstellar matter is ionized and must 
Thus 


maintain 


seems, since it is now known 


be regarded as a good conductor. 


such space charges cannot 
themselves for any reasonable length of 
Another kind of 


pointed out by Alfvén (50) seems much 


time. limitation 


more serious. Alfvén remarks that the 


transport of charged particles over 
galactic distances constitutes a current 
the magnetic field- of which imposes 
strong limitations on this current. As 
a consequence, Alfvén finds that cosmic 
ray intensity may very well not be uni- 
Further- 


more, he sees in that a reason to believe 


form in intragalactic space. 


that the source of the cosmic rays ob- 
served on the earth may be less than 
1000 light vears away. It is difficult to 
appraise these qualitative conclusions. 
They may at best be 
that a 
quantitative theory is needed and worth 


considered an 


indication more precise and 


while for the propagation of charged 


cosmic ray particles in space. 

Turning now to the discussion of the 
actual hypothesis regarding the origin 
of cosmic rays, we shall discuss first the 
theory which sees the origin of cosmic 
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ray energies in some kind of annihi 

tion process, whereby an atom of mass 
M is annihilated and then transmits i's 
total rest energy Mc? to two or mo: 
outgoing particles. Theories of t! 

sort were discussed very early in t! 
history of cosmic ray research. © 
course they have undergone consider 
able change and adaptation as cosmi 
rav research revealed more and more of 
In spite o! 
their rather sensational character ther 


the nature of the primaries. 


are still some prominent physicists who 
take it seriously. 

The starting point of the annihilation 
theory is the observation that the rest 
energies of the most abundant elements 
(with the exception of H) in the uni- 
verse, namely He, Si, C, O, N, are not 
very different from the average energy 
of 10 to 20 Bev of the primary cosmic 
ray particles. 

Half the rest energies of these atoms 
(which would be the energy taken up by 
one of a pair of particles created in the 
process) is approximately given in the 
following table together with the ap- 
proximate geomagnetic latitude in the 
western hemisphere where they would 
first enter vertically: 





Energy in Geomagnetic 
Bev latitude 


88 54° 
5.6 40.7° 
j 40° 

32.8° 
0° 





It is clear from the beginning that 
this fact may not be more than a coinci- 
dence and may therefore have nothing 
to do with the true nature of the cosmic 
rays. There is no way of deciding such 
a question unless the theory can be cor- 
related somehow with other experi- 
mental facts and can give an internally 
consistent picture of the cosmic ray 
phenomena. 
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It has been pointed out by Millikan 
that such an 
experimental verification of the atom 


/) and collaborators 
innihilation hypothesis is, in principle, 
the the 
discrete with 


possible For if energies of 
neoming cosmic Travs are 
the values indicated in the table, then 
he vertical intensitv curve as a func- 
tion of latitude should have a plateau 
structure. The intensity should show a 
sudden change always at the critical geo- 

ignetic latitudes and should be nearly 
onstant in between. For this reason 


Millikan 


i series of 


and eo-werkers have carried 


very careful measure- 


of the vertical intensity as a 
function of the geomagnetic latitude. 
discussion of 


shall 


con- 


scfore entering into a 
this expe rimental evidence, we 
take up the difficulties 


nected with the atom annihilation hy- 


some oft 
pothesis First, it mav be worth while 
to look somewhat more closely at such 
In the discus- 


in annihilation process. 
this 
indue prominence has been given to 


sions on hypothetical process, 


the conservation of energy and not 
enough to the other conservation laws, 
that of 


ingular momentum, and charge. 


momentum, 
The 


momentum conservation is rela- 


namely linear 
Hnear 
tively easy to satisfy by postulating a 
It is not quite so easy, 
the 
momentum 


pair formation. 


however, to satisfy conservation 


laws of angular and of 


charge. Let us look for instance at the 


charge conservation. In the original 
forms of the theory a two-quanta an- 
nihilation was usually assumed which 
iutomatieally took care of the charge 
conservation, since the atom as a whole 
is neutral and the photons do not carry 
charge. This idea was soon replaced 


by an electron-positron pair process 
when it became known that the pri- 
charged. Again charge 


conservation does not lead to any diffi- 


maries are 
culty tecently it has been necessary 
to replace this in favor of a two-proton 
the 


annihilation are 
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since primaries 


But a annihila- 


is obviously not 


protons. two-proton 


tion possible for a 
neutral atom because charge would not 
be conserved unless we assume some 
kind of highly artificial way out, such 
as a simultaneous production of two 
low “energy electrons 

There are other difficulties of an even 
The 


energy of protons which could be ob- 


more serious nature. maximum 
served with any reasonable frequency 
would be the energy of the silicon an- 
nihilation process and would amount to 
13.2 Bev for each proton 
protons occur with much higher energy 
Even the heaviest element 


Cosmic ray 


than this. 
would give at most an energy of 10'' ev 
for each still many 
powers of ten less than the maximum 


proton, which is 
energy observed in cosmic ray protons. 
It would thus be necessary to assume 
another process for a source of the very 
high energy protons, such as, for in- 
stance, the simultaneous annihilation of 
a large number of atoms. 

A further difficulty results from the 
fact that the annihilation hypothesis 
leads to a probability for the annihila- 
tion which is much too large to have 
escaped detection. For the special case 
of silicon, for instance, a decay time of 
2 X 10** sec is obtained on the basis 
of the following extremely conservative 
assumptions: No radiation escapes the 
galaxy and no radiation is absorbed in- 
side the galaxy. The density of silicon 
was constant in the past and amounts to 
10-4 atoms/cm; only 1° of the cosmic 
radiation is silicon radiation; (actually 
the radiation with energy larger than 
10 Bev is about 5 to 10% of the total 
radiation) and finally the time of exist- 
ence of the galaxy is 10’ see. Such a 
decay time would no doubt lead to de- 
tectable effects in the laboratory. No 
such effects have ever been found. It is 
difficult to take seriously the proposal 
made by Millikan that for some unex- 
pected reason the annihilation should 
only proceed when matter is in the 
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extremely rarefied state of interstellar 
space, while it should not occur under 
ordinary laboratory conditions. 

A still further difficulty is found in the 
occurrence of heavy ions in the pri- 
maries with an abundance which is at 
least comparable with their natural 
relative abundance in the universe. 

In spite of these difficulties it has been 
repeatedly claimed by Millikan and 
co-workers that their measurements of 
the variation of the intensity with geo- 
magnetic latitude definitely proves the 
existence of the plateau 
of this intensity when plotted as a func- 
tion of geomagnetic latitude. It is 
conceivable that a sympathetic inter- 


character 


preter of these measurements might see 
some kind of irregularity in their 
measuring points which is not incon- 
sistent with such a character of the 
eurve. However, the the 
measuring points are so large that the 
curve may just as well be 
smooth. Kusaka (50) has actually 
carried out an evaluation of the 
intensity curve as a function of geo- 
magnetic latitude under the assumption 


errors in 


assumed 


of a power law for the primary spectrum 
and finds the agreement with the 
measuring points of Millikan, Neher 
and Pickering quite satisfactory. 

We conclude, therefore, that there is 
no unambiguous experimental evidence 
for the atom annihilation hypothesis 
and that it leads into serious theoretical 
difficulties which could only be al- 
leviated with a host of further assump- 
tions that have no basis in fact. 

Similar difficulties are encountered in 
a variant of the annihilation hypothesis 
such as the one discussed by Rojansky 
(61) and Klein (52). Here the exist- 
ence of reversed matter in the uni- 
verse is postulated composed of atoms 
with antiprotons and antineutrons in 
the nucleus and positrons instead of 
electrons surrounding them. No ex- 
perimental evidence for such matter 
exists, and the theoretical difficulties 
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are similar as for the ordinary 
nihilation process. 

We turn now to the theories which s 
the origin of cosmic rays in some kind ; 
acceleration process. Since a magnet 
field alone cannot accelerate a particl 
there must be electrical fields present 
The potential difference for such an a 
celerating field must range to values as 
high as 10" volts. Since no appreciab! 
electric field strength has been observe: 
in the stellar spectra, it follows that th: 
acceleration process must take plac« 
over large distances, possibly even ir 
several stages. 

An acceleration process of this sort 
Alfvén (83). He 
components of 


was discussed by 
that, if the 


double star have magnetic moments 


shows 


inclined to the axis of rotation of the 
system, then an alternating electric field 
in the direction of the axis will result 
which may accelerate ions to as much as 
10'* ev for 
about the strength of the dipole moment 


reasonable assumptions 
and the separation of the components. 
The main difficulty with this theory, 
and in fact with any acceleration theory, 
is that it is impossible to account for the 
This 


can be seen easily as follows: Let us 


actual intensity of cosmic rays. 


assume that the radiation is confined to 
the interior of the galaxy due to the ac- 
tion of a magnetic field. The known 
intensity of the primaries is 0.12 parti- 
Each of these 


cles em~? sec™! sterad™!. 


particles carries in the average a kinetic 
From this it 
follows that cosmic rays fill the inter- 
stellar space with an average energy 
density of about 5 X 107" erg cm~*. 
The total energy in the galactic system 
of volume 10 cm is, therefore, 5 X 10° 


energy of about 20 Bev. 


erg. This energy is not a permanent 
reservoir since it is being continually 
dissipated. 

The most important process of dissipa- 
tion which outweighs all the other effects 
is the slowing down due to mesotron 
production in the collision with the dif- 
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of the double star, it is clear that the 40. R. E. Lapp, Phys. Rev. 69, 321 (1946) 
rbital energy would not be enough to 41. TY. S. Gill, M. Schein, V. Yngve, Phys. Rev. 


Since Alfvén’s acceleration process 


immish energy at the rate which is 72, 733 (1947) : 
led for ’ ; 1" . 42. W. F. G. Swann, P. A. Morris, Phys. Rev 
needed for the cosmic rays. The argu- 71, 462 (1947) 


ment just prepared is a very general one 43. _H. J. Bhabha, 8. V. C. Aiya, H. E. Hoteko 
R. C. Saxena, Phys. Rev. 68, 147 (1945) 

44. V. H. Yngve, M. Schein, H. L. Kraybill, 

processes connected with stellar objects. Phys. Rev. 78, 928 (1948) 

45. M. Blau, H. Wambacher, Nature 140, 585 
(1937) 


ind applies to all types of acceleration 


It seems necessary, therefore, to look 


or an acceleration process where the 46, Kgl. Danske Videnskab. Selskab, Mat.-fys. 
energy furnished comes from the diffuse Medd, 23 (1945) 
47. E. O. Wollan, Revs. Mod. Phys. 11, 160 


matter in interstellar space. (1939) 

Another possibility of avoiding the 48. H. W. Babcock, Phys. Rev. 72, 83 (1947); 
L. Spitzer, Phys. Rev. 70, 777 (1946); H 
; Alfvén, Arkiv Mat. Astron. Fysik 25B, 29 
that cosmic rays exist only in very small (1937); Phys. Rev. 64, 97 (1938) 
oes eg ss ‘ » ‘ Nnerev 9. R. A. Millikan, H. V. Neher, W. H. 
local regions so that the total energy 4 Se ee oe gar cee: 
contained in the cosmic rays Is much 236 (1943); 66, 295 (1944) 
less than the 5 X 10°% erg found before. 40. 8. Kusaka, Phys. Rev. 67, 50 (1945) 

. 61. V. Rojansky, Astrophys. J. 91, 257 (1940); 
At the present time there is no mecha- Phys. Rev. 88, 1010 (1940); T1, 552 (1947 
nism known which would restrict 462. O. Klein, Arkiv Mat. Astron, Fysik 381A, 

No. 14 (1945) 

58. H. Alfvén, Z. Physik 107, 579 (1937) 


ibove-mentioned difficulty is to assume 


cosmic rays to such regions. 

This brief sketch on the speculations 
regarding the origin of the primaries 
may suffice to illuminate the fact that 
very little is as yet known about the 


Recent Books on Cosmic Rays 
W. Heisenberg, “Fifteen Lectures on Cosmic 


. Rays,” (Dover Publications, New York, 
origin of the primaries 1946) 
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fessor 
and commenting on various points 
are also due to J. T 
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INrrOpUCTION TO Aromic Puysics, by 
Otto Oldenberg, MeGraw-Hill Book Co., 
Inc., New York, 1949, 373 pages, $5.00. 
Reviewed by Keith Henney, Consulting 
Editor, NUCLEONICS. 

While this book is designed as a text 
for students who have had one year of 
physies and who are familiar with the 
elements of chemistry, there is no 
reason why it should not be very useful 
for those countless engineers and others 
whose formal training occurred many 
ago. This read the 
entire book with pleasure and with a 


years reviewer 
degree of comprehension that depended 
more upon the reader than upon the 
desiring to get an 


writer. Anyone 


accurate and broad view of nuclear 


matters without getting in over his head 
find book 
good reading. 


will Professor Oldenberg’s 

It is divided into seven broad parts 
which are not only logical but to some 
Thus the first 


extent chronological. 


deals with the structure of matter as 
revealed in chemistry; then follows se« 
tions on gases, on the structure of ele 
light, thy 


tricity, the structure of 


electronic structure of atoms, nuclear 
structure and the wave nature of matte: 
At the end of each chapter is given a 
series of problems which serve not only 
to check one’s knowledge but to teacl 
more of the facts of the matter under 
discussion. 

The reader may find the chapter or 
“ Applications”’ very interesting sinc: 
it indicates the usage to which nuclear 


knowledge has been and will be put 


Isoropic CARBON by M. Calvin, ¢ 
Heidelberger, J. C. Reid, B. M. Tolbert, 
and P. Ek. Yankwich, published by 
John Wiley & Sons, Inc., New York, 
1949, 376 pages, $5.50. Reviewed by 
A. K. Solomon, Harvard Medical School 
This book is a first-class laboratory 
manual written by five members of the 
staff of the University of 
California’s Radiation Laboratory. In 


scientific 


reading through the book, one is in- 


creasingly aware that it represents the 


careful conclusions of a group well 


seasoned in the techniques and prob- 
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involved in’ experiments with 


They 


» write about earbon because it plays 


irbon isotopes have chosen 






a role both in chemistry 


promuine nt 





nd biology; it happens also to possess 


remarkably complete array ot iso- 


including the = stable 


top. tracers, 
otope, carbon-138, and the two radio 
Thus, 
tech 


single clement, it 


carbons-I1 and 14 
book 


involving a 


etive ones, 


hile the deseribes only 


ques 


cludes many of the known methods 


measurement, for carbon-13 demands 


mass and earbon-14 


spectrometer, 


lemands the rather specialized count- 
ng techniques required for the measure- 
nent of isotopes with very soft) beta 
radiation 


Since carbon is so important an ele- 
ent, the results of research involving 
ire scattered in many publications 
One of the most useful functions per- 
ormed by the book is the collation of 
this varied material in chapters con- 
cerned first with the chemical synthesis 


of tracer-marked carbon compounds, 





then with their degradation, and finally 
vith biosynthetic means of preparation 
\ ten-page bibliography summarizes 
ill the published work involving tracer 
The easy reference that results 
this 

The special 


carbon 


rom the collection § of material 


Ss particularly welcome 
techniques involved in handling these 
compounds are well illustrated by a 
chapter on techniques — in 


book 


chemical 


vacuum 
organic chemistry. If the con- 


tained no more than these 
bones, it would still be a most important 
compendium 

\ technique such as the use of tracers 
in chemistry and biology attracts many 
investigators, because it appears at first 
sight to present an easy means of getting 


at truths hitherto hidden. There is no 








that it does wav of 
such new truths, but there 


loubt to the thoughtful 


doubt present a 
getting at 
can also be no 
reader of this volume that the wav is 


not easy. ‘The problems in. isotope 


and the 


Sines 


research are often peculiar 


pitfalls are all too many racho 
isotopes can be deteeted in such small 
quantities, it might seem that the 
method would make microanalysis pat 
ticularly simple However, the reverse 


is in many eases the fact, for small 


quantities of isotope can be absorbed 


or carned down in the most unlikely 


precipitations As the authors point 


out, it is absolutely essential to make 
sure of the isotopic purity ol compounds 
being identified by their radioactivity 
They prove their point by an absolutely 
hair-raising example of co-precipitation 

For the novice, there are presented 


enough of the elementary details of 
counting and measurement that he can 
feel confident in setting up the necessary 
apparatus For the amateur, there are 
made available the details of many of 
the more advanced techniques, includ- 
ing counting in the gas phase, and the 
vibrating 


use of the Lindemann and 


reed electrometers For the proles- 
sional there is a set of four appendices 
in which he can exercise his mathemati- 
cal faculties. Happily, exercises of this 
sort have been relegated to the back of 
the book, and the equations need not 
frighten the non-mathematical reader 
A good deal of its especial value as a 
laboratory manual springs from the 
complete presentation of all the con- 
siderations required for the measure- 
ment of a single clement 
“Isotopic Carbon” is a fine hand- 
book, of great value to the scientist who 
works with any isotope, and invaluable 


for the man who works with carbon, 
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NUCLEONIC EVENTS 





AEC SELECTS IDAHO SITE 
FOR REACTOR TEST STATION 

A 400,000 acre site near Pocatello, 
Idaho, has been chosen by the Atomic 
nergy Commission for its new reactor 
testing station. In area, the tract is 
about the same as that of the Hanford 
plutonium production plant at Rich- 
land, Wash. 

Construction of the new test station 
and its nuclear reactors will cost about 
$500 million, according to Congressional 
estimate. It is expected that 6,000 
workers will be employed at the peak 
in building the facilities. The station 
will serve as a testing and proving plant 
for the commission’s entire reactor de- 
velopment program. 

For the present, it has been definitely 
decided to locate at the station two of 
the four reactors that are now in the de- 
sign stage. One of the two is a ma- 
terials testing reactor, and the other is 
the Navy’s reactor for ship propulsion. 
Additional reactors will be constructed 
at the station in the future. 

Of the land selected for the site, all 
but about 20,000 acres belongs to the 
government. The federal property in- 
cludes the 173,000-acre Navy Proving 
Ground at Arco—not in active use at 
present. Negotiations are in progress 
for transfer of the Navy property to the 
AEC, Engineering surveys of the en- 
tire test area are nearly complete, but 
detailed boundaries have not yet been 
fixed. 

Lester E. Johnston, manager of the 
Knolls Atomic Power Laboratory in 
Schenectady, has been appointed man- 
ager of the test station. He has been 
associated with the atomic energy pro- 
gram since 1944. At that time he was 
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in the Army Corps of Engineers and 
assigned to Oak Ridge. He was con- 
struction officer for the electromagnet 
plant which produced uranium-235 
during the war. Later he was an assist- 
ant unit chief at the Oak Ridge gaseous 
diffusion plant, now the chief source of 
uranium-235 for the national atomic 
energy program. In June, 1946, Mr 
Johnston opened the Schenectady area 
office when the Knolls Atomic Power 
Laboratory project was started with the 
General Electric Company as the oper- 
ating contractor. 


CANADIAN SCHOOL OFFERS 
NUCLEAR CHEMISTRY COURSE 

The chemistry department of Dal- 
housie University, Halifax, Nova 
Scotia, with the cooperation of the 
Nova Scotia Research Foundation and 
the National Research Council of 
Canada, is offering a six weeks summer 
course (July 4 to August 13) in applied 
nuclear chemistry and tracer techniques 
This course is announced as_ being 
equivalent to one regular university 
graduate course and is designed pri- 
marily for graduate chemists and chem- 
ical engineers. A necessary prerequi- 
site is a working knowledge of general 
analytical chemistry. Daily lectures 
are to be supplemented by seminars and 
problem periods. Laboratory work in- 
cludes studies of different methods and 
instruments for assaying, utilizing and 
safely handling a wide variety of radio- 
active isotopes. Experimental studies 
of various applications of radioactive 
tracers are based largely on published 
researches and declassified government 
documents. 

Only a limited number of applicants 


May, 1949 - NUCLEONICS 





an be accommodated. Inquiries for 
further information should be addressed 
to the Registrar, Dalhousie University, 
Halifax, N. 8. 


NRC PUBLISHES FOURTH 
PRELIMINARY REPORT 

Preliminary report No. 4, ‘‘Mono- 
energetic Neutrons from Charged Par- 

cle Reactions,” by A. O. Hanson and 
R. F. Taschek, was published last 
month by the Committee on Nuclear 
Science of the National 
Issued previously, and desig- 


Research 
Council 
nated as preliminary reports 1, 2 and 3, 
were ‘‘TIsotopic Weights of 
the Fundamental Isotopes,” by K. T. 
Bainbridge; ‘‘Nuclear Electric Quad- 
rupole Moments and Quadrupole Coup- 
lings in Molecules,” by B. T. Feld; and 

Neutrons from Alpha Emitters,’ by 
H. L. Anderson. 

Copies of these reports may be ob- 
tained from Dr. R. C. Gibbs, Division 
of Physical Sciences, National Research 
2101 Constitution Avenue, 
Washington 25, D. C. 

A fifth preliminary report, “‘ Energy 
Levels of Light Nuclei,” by T. Lauritsen, 
is now being prepared by the Com- 


re spectively, 


Council, 


mittee for publication. 


AEC ESTABLISHES PATENT 
COMPENSATION BOARD 

The Atomic Energy Commission re- 
cently established a Patent Compen- 
sation Board 
applications arising under the patent 


to consider and act on 


and invention provisions of the Atomic 
Energy Act. So far as these provisions 


prevent the issuance of patents in ac- 


cordance with the regufar patent sys- 
tem, the AEC is empowered to make 


awards after hearings held before the 
new board. 

Members of the board are: Casper W. 
Ooms, who has served as a member of 
the AEC’s Patent Advisory Panel since 
January, 1947; John V. L. Hogan, a 
consulting engineer, and president of 
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the Interstate Broadcasting Company 
and Radio Inventions, Inc.; and Isaac 
Harter, chairman of the Babcock and 
Wilcox Tube Company and a member 
of the recent AEC Industrial Advisory 
Group. 


LATTES MAY RECEIVE 
$25,000 PRIZE FOR MESON WORK 


Brazilian nuclear Cesar 
Lattes would be given a $25,000 prize 


for his work in production of artificial 


physicist 


mesons at the University of California, 
under a bill which is expected to pass the 
Brazilian Congress. The same _ bill 
would grant $150,000 to the University 
of Sao Paulo, where Lattes is to work, to 
equip the physics department of the 
Faculty of Philosophy, 
Letters for continued investigations in 
nuclear physics. 


Science and 


“BUSINESS WEEK" REPORTS 
ON ATOMIC ENERGY PROGRAM 


Business Week’s third annual report 
on the nation’s atomic energy program 
appeared in the April 30@ssue of the 
weekly 
Robert Colborn has reported on the 


magazine. As in the past, 
results of his visits to all of the major 
AEC laboratories and his discussions 
with top-level officials in the AEC and 
Single copies of this report 
Orders 


industry. 
are available at 20 cents apiece. 
should be addressed to Readers Service 
Dept., Business Week, 330 W. 42nd St., 
New York 18. 


SCINTILLATION COUNTER 
SYMPOSIUM PLANNED 


A symposium on scintillation count- 
ers will be held in Oak Ridge on June 3 
and 4. Invited papers will be pre- 
sented by H. Kallman, I. Seitz, G. A. 
Morton and P. R.@ Bell. Martin 
Deutsch, Massachusetts Institute of 
Technolegy, will serve as chairman. 
All who are interested are invited to 
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REPRINTS OF “INSTRUMENT 
HANDBOOK” AVAILABLE 

A limited number of extra copies of 
“Nuclear Instrument Handbook,” 
the special section appearing in this 
issue, are available at 50 cents 
apiece. Cash should accompany 
orders, which should be addressed 
to The Editor, NUCLEONICS, 330 
West 42nd St., New York 18. 











attend. Further details may be ob- 
tained from W. H. Jordan, Oak Ridge 


National Laboratory, Oak Ridge, Tenn. 
NOTES ON PROSPECTING 


Britain is making special efforts to 
encourage mining houses and prospec- 
tors in its colonies to locate deposits of 
the radioactive materials, uranium and 
thorium. It that there 
are more chances of important deposits 


is considered 


being found there than in Britain, which, 
it is said, has already been surveyed 
more completely than any other part of 
the world, 

The Briti#h Ministry of Supply is 
publishing in all likely territories an 
offer to buy ‘‘all uranium ores and con- 
centrates produced in the Colonial 
Empire during the néxt ten vears, at a 
minimum 13/9d. ($2.75) a 
pound of contained uranium oxide de- 


price of 
livered.””. This applies to lots of at 
least ten tons, containing at least ten 
percent uranium oxide, 

Higher prices may be fixed by nego- 
tiation where costs of production are 
greater or where there are other valu- 
able constituents in the The 
Ministry also may be willing to pro- 


ore. 


vide capital to install concentrating 


plants and, in some cases, pay a lump 


sum in aid of mine development. It 
will discuss terms for the purchase of 
thorium-containing materials. Similar 
prices would be paid for any uranium 
found in Britain. 
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Colonial geological surveys and 
Geological Survey of Great Britain 
giving advice and analyzing samp 
brought in by prospectors, and inst; 
ments for measuring radioactivity 
being sold in increasing numbers in t} 
The 


minerals in the Dominions is alread 


colonies. search for radioactiy 
being actively pursued. 
* * * 


Argentina has announced the dis- 
covery of a new uranium vein whic! 
promises to be the most important vet 
found in the country. 
Located in the Andean 


the northwestern 


foothills of 
province of Cata- 
say the 


marca, officials 


vein is just over 50 yards wide and 


government 


presents outcroppings of uranium or 
over an area of roughly 25 square yards 
The strike is about 30 miles from a pre- 
viously discovered pitchblende deposit 

The vein was unearthed by a Swedish 
engineer, Gunnar Jarnheim, and _ his 
associate, Alberto Lapidus, in the course 
The uran- 
ium content of samples proved high 


of mica mining operations. 


in initial studies by the provincial 
school of mines, while Argentine author- 
ities announced that ‘‘the first analyses 
permit the expectation of a combination 
different from any classified at present.”’ 

Under the terms of an Argentine law 
passed late in 1946, the discoverers are 
entitled to a bounty of $4,000 to 
$60,000, depending on the yield of the 
vein. The same law nationalized all 
radioactive materials in Argentina. 

The South American country is 
already working small uranium deposits 
in the provinces of Cérdoba, San Luis 
and Mendoza. 


NUCLEAR NEWSMAKERS 


Philip M. Morse, professor of physics 
at Massachusetts Institute of Technol- 
ogy and former director of Brookhaven 
National Laboratory, been ap- 
pointed research director and deputy 
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Weapons Systems 
National 


Recently cre- 


jirector ol the 
Evaluation Group of the 
Military Establishment 
ed. this 
he technical and operational evalua- 


group is responsible for 


tion of all present or projected svstems 
ittack and defense 


(Admiral T. B. Hill, an expert on 
been 


Rear 


gunnery and fire control, has 


lesignated director of atomic energy 
the Navy to replace Rear Admiral 
W. S. Parsons, who is now with the 


Weapons Systems Evaluation Group. 


Paul Wang, former dean of the physics 
Shantung University, 
staff of the X-ray 
National Bureau of 
where he will be concerned 


lepartment at 
is joined the 
iboratoryv of the 
Standards, 
th research in X-rays and nuclear 
physics, particularly betatron and high- 
His present in- 


oltage 


equipment. 


estigations include the design and 
levelopment of a new type of ionization 
easurement equipment, X-ray dosage 
esearch, and experimental verification 
high-energy 


modern theories of 


radiation 
\ committee on equipment and control 
to advise the export control branch of 
the Atomic 
heen established. 


Energy Commission has 


The members of the 


ommittee include: R. W. Albright, 
Distillation Products, Inc., Rochester, 
N. Y.: A. O. Beckman, National Tech- 


nical Laboratories, 8S. Pasadena, Calif.; 
G. H. Bucher, Westinghouse Electric 
Corp., Pittsburgh, Pa.; C. S. Redding, 
Leeds & Northrup, Philadelphia, Pa.; 
J. A. Victoreen, Victoreen Instrument 
Co., Cleveland, O.; R. S. Morse, 
National Research Corp., Cambridge, 
Mass.: and H. B. Neal, Kinney Mfg. 
('o.. Boston, Mass. 


The 


established a 


Atomic Energy Commission has 
permanent personnel 
security board to sueceed the 
original board which completed its work 


Members of the new board 


review 


last vear 
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are: Charles Fahy, an attorney, of 
Washington, D. C., who will serve as 
chairman of the Arthur S. 


Flemming, president of Ohio Wesleyan 


board; 


University; and Bruce D. Smith, 
director of the United Corp., New York, 
N. Y., and the Lehigh Coal and 


Navigation Co., Philadelphia, Pa 

The former Committee on Standards of 
Radioactivity, later known as the Com- 
mittee on Radioactivity, of the Division 


of Physical Sciences of the National 
tesearch Council has been reconsti- 
tuted as a Committee on Nuclear 


Science. Its responsibilities have been 


enlarged to include work on units, 
standards, and measuring instruments 
in this field. The membership of the 
new committee includes: L. F. Curtiss, 
National Bureau of Standards, chair- 


man; R. D. Evans, Massachusetts Insti- 


tute of Technology, vice chairman; 
Irving Feister, National Bureau of 
Standards, secretary. The following 


are chairmen of the subcommittees in- 
H. L. Anderson, Neutron 
Measurements and Standards; L. F. 
Curtiss, Beta- and Gamma-Ray Meas- 
urements, Units; R. D. Evans, 
Shipment of Radioactive Substances; 
H. H. Goldsmith, 
Information; J. G. Hamilton, Radio- 
biology; P. M. Hurley, Radiogeology ; 
J. B. H. Kuper, Instruments and Tech- 
niques; W. M. Manning, Radiochem- 
W. H. Sullivan, Nuclear 


The liaison members of the 


dicated: 


and 


Publications and 


istry; and 
Constants. 
committee are P. C. Aebersold for the 
Atomic Energy Commission; T. J. 
Killian for the Office of Naval Re- 
search; Herbert Scoville, Jr., for the 
Armed Forces Special Weapons Pro- 
ject; and W. D. Urry for the Air Force. 


Cleveland Norcross, general manager of 
the American Institute of Physics, died 
on March 21 after an emergency oper- 
ation for a brain tumor. Mr. Norcross 
had been in his position with the Insti- 
tute since July, 1947. 
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ABSTRACTS 











CHEMICAL PUBLICATIONS 


The kinetics of the oxidation of 2-deutero- 
propanol-2 by chromic acid, F. H. West- 
heimer, N. Nicolaides (Univ. of Chicago, 
[ll.), J. Am. Chem. Soc. 71, 25-28 (1949). 
The deuteration of acetone was found to 
be accompanied by 
terium exchange, so that the deuteration 
product was a mixture containing 55% of 
2-deuteropropanol-2 (J). Oxidation of I 
by chromic acid was only about one-sixth 
as fast as is the oxidation of ordinary iso- 
propyl alcohol. It follows that the 
secondary hydrogen atom is removed 
during the rate-controlling 
reaction. 


some hydrogen-deu- 


step of the 


A method for the determination of organic 
compounds in the form of isotopic deriva- 
tives—I. Estimation of amino acids by 
the carrier technique, A. 8. Keston, 8. 
Udenfriend, R. K. Cannan (New York 
Univ., N. Y.), J. Am. Chem. Soc. 71, 249- 
257 (1949). The components of a mix- 
ture of related organic compounds may be 
estimated by an isotope dilution method. 
The mixture is treated with an isotopic 
reagent, which converts the components 
quantitatively to isotopic derivatives. 
After the addition of a large excess of the 
unlabeled derivative of the desired con- 
stituent, as a carrier, to the mixture, the 
derivative is separated, purified, and 
counted. The method was applied to 
determine the glycine, alanine, and pro- 
line in a mixture of twelve synthetic 
amino acids, and in the crystalline pro- 
teins 8-lactoglobulin, human hemoglobin, 
aldolase, and phosphoglyceraldehyde de- 
hydrogenase. 
was p-iodophenyl sulfonyl chloride-1'*', 


The isotopic reagent used 


Thermal exchange experiments with 
radioactive zinc. L. Levanthal, C. 8S. 
Garner (Univ. of California, Los Angeles), 
J. Am. Chem. Soc. 71, 371 (1949). A 
study was made of the exchange of 250- 
day Zn® between dipyridine zinc acetate 
and the following zine compounds in 
pyridine solution at 25°: zine acetylace- 
tone, zine acetylacetone ethylenediimine, 
zine benzoylacetone zine 
nicotinylacetone, and dipyridine zine 
thiocyanate. Complete exchange was 
found to occur in each case after exchange 
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ammoniate, 


times of about 30 seconds. If rapid «x. 
change was not induced by the separat 
process used, the zine complex compoun:s 
studied were not considered suitable 
concentrating Zn® by the Szilard-C} 
mers method. These compounds 
apparently unstable with respect 
ionization or displacement reactions. 


Thermal exchange experiments with 
radioactive chromium, H. E. Menke 
C. $8. Garner (Univ. of California, Lo 
Angeles), J. Am. Chem. Soc. 71, 371-372 
(1949). The exchange reaction betwee 
chromium (III) and dichromate ions i 
sulfuric acid, perchloric acid, and sodiur 
hydroxide solutions was studied usin 
27-day Cr®', Also investigated was th: 
exchange of chromium (III) with hexa 
thiocyanatochromate (III), hexacyano 
chromate (IID), and trioxalatochromat: 
(111), respectively, in various solvents 
Appreciable exchange was observed on! 
for Cr(III)—Cr(CN)6* in low concentra- 
tion of perchloric acid or acetic acid, and 
for hexaaquochromium (III) and dichro- 
mate ions in 0.05f perchloric acid at 25 
and 45°. 


Preparation of radioactive CO, from 
BaCOs;, N. Zwiebel, J. Turkevich, W. W. 
Miller (Brookhaven Natl. Lab., Upton 
N. Y.), J. Am. Chem. Soc. 71, 376-377 
(1949). C*O2 may be obtained from 
BaC*QOs; by using a thermal reaction be 
tween dry solids, such as the reaction 
BaC*O; and PbCle The lead 
carbonate is unstable and decomposes at 
a low temperature. At 400° the reaction 
is 96°% complete in four hours. 


between 


The use of radioactive tracers in a study 
of activator distribution in infrared -sensi- 
tive phosphors, R. W. Mason, C. F 
Hiskey, R. Ward (Polytechnic Inst. of 
Brooklyn, N. Y.), J. Am. Chem. Soc. 71, 
509-514 (1949). Radioactive isotopes of 
europium, cerium, and samarium were 
used to study the distribution of these rare 
earth ions between the phosphor base 
materials, strontium sulfide and strontium 
selenide, and saturated solutions of these 
bases in the fluxes, strontium chloride and 
lithium fluoride. The intimately mixed 
phases were separated by a procedure 
which involved filtration at the fluxing 
temperature (about 1000°) using a plati- 
num Munroe crucible. 


A synthesis of adenine. The incorpora- 
tion of isotopes of nitrogen and carbon, 
L. F. Cavalieri, J. F. Tinker, A. Bendich 
(Sloan-Kettering Inst. for Cancer Re- 
search, New York), J. Am. Chem. Soc. 71, 
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(1949 Earlier procedures for 


533-536 
the synthesis of adenine labeled with N'™ 


n the 1 and 3 positions were reinvesti- 
gated, and an improved synthesis was 
evolved The introduction of C'™ or C!4 


nto the 4 and 6 carbons of the adenine, as 
well as into malononitrile and phenylazo- 
malononitrile was accomplished. 


The oxidation states of neptunium in 
aqueous solution, J. C. Hindman, L. B. 
Magnusson, T. J. LaChapelle (Argonne 
Natl. Lab., Chicago, Ill.), J. Am. Chem. 
Soc. 71, 687 (1949). The existence of +4, 

5, and +6 states of neptunium was 
means of spectrophotometric 
titrations of neptunium with 
yxidizing and reducing agents. Isolation 
ind X-ray identification of the salt 
NaNpO.(OOCCH:s):; from the solution of 
oxidation, state 


shown by 
solutions 


the highest served to 


establish the identity of one oxidation 
state The +5 state is quite stable in 
icid solution. The formal oxidation 
potentials (not E#°® values) were deter- 


mined in one molar hydrochloric acid and 











may be represented by the following 
scheme 
-0.67V. 
-0.44V. 
f . 
- J -0.074 V. “LHi4Vv 
Np city OM np gm CON, nip npn 
| t 
-0.94V. 


The Np(LIID)-Np(1V) and Np(V)—Np(VI) 
couples ar@ reversible, but the Np(IV)- 
Np(VI) couple behaves irreversibly. 


A method of estimating and minimizing 
the error of measurement of the rate of a 
radioactive exchange reaction, N. David- 
J. H. Sullivan (California Inst. of 
Technology, Pasadena) J. Am. Chem. Soc. 
71, 739-740 (1949). In a radioactive 
exchange reaction between two com- 
ponents in equilibrium, the 


son, 


chemical 


change in activity of these components 
with time introduces an error in the 
measured rate constant. A method is 


described of estimating this error in the 
rate constant as a function of the extent 
ofexchange. By selection of the optimum 
exchange the may be 


legree of error 


minimized. 

Comparison of age with relative abun- 
dance of argon and potassium in rocks, 
R. L. Farrar, Jr., G. H. Cady (Univ. of 
Washington, Seattle) J. Am. Chem. Soc. 
71, 742-743 (1949). A number of rocks 
of various. known geologic age were 
analyzed for helium, argon, and potassium. 
The results indicate no regular increase of 
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the A/K ratio with age. The range of 
argon content was much less than that of 
helium. Without an isotopic analysis to 
establish the relative proportions of 
atmospheric and K*-derived argon, the 
ratio A/K is not a good measure of the age 
of a rock. 

. 1. W. RUDERMAN 





LIFE SCIENCE PUBLICATIONS 
Interaction of calcium, phosphorus and 
vitamin D-III. Study of mode of action 
of vitamin D using Ca‘, B. Migicovsky, 
A. Emslie (Vitamin and Physiol. Research 
Lab., Experimental Farm, Ottawa, Can.), 
Arch. Biochem. 20, 325-330 (1949). Ex- 
periments indicate that vitamin D de- 
creases the loss of calcium via excretion in 
starving chicks but has little effect on 
phosphorus. Calcium ingestion decreases 
the loss of phosphate. Vitamin D exerts 
a retarding effect on the loss of calcium 
from newly formed bone. 


The use of radioactive isotopes in im- 
munological investigations--IIl. The fate 
of injected P**-containing proteins, T. 
Banks, J. Boursnell, H. Dewey, G. 
Francis, R. Tupper, A. Wormall (Dept. of 
Biochem., Med. Coll. of St. Bartholomews 
Hosp., London), Biochem. J. 43, 518-523 
(1949). Injected P*?-labeled lipovitellin, 
vitellin and artificially phosphorylated 
human blood serum disappear rapidly 
from the blood stream. Three quarters 
of the phosphorylated human blood serum 
disappears three hours after injection into 
rabbits. 


Radiocardography and its clinical applica- 
tions, M. Prinzmetal, E. Corday, R. 
Spritzler, W. Fleig (Inst. for Med. Re- 
search, Cedars of Lebanon Hosp., Los 
Angeles, Calif.), J. Am. Med. Assoc. 139, 
617-622 (1949). Radiocardiography us- 
ing Na** has been used to determine the 
pumping qualities of the heart. 


Rate of elimination of radioactive carbon 
administered as carbonate from the 
tissues and tissue components of mature 
and growing rats, J. Schubert, W. Arm- 
strong (Dept. of Physiol. Chem., Univ. of 
Minnesota, Minneapolis), J. Biol. Chem. 
177, 521-527 (1949). The specific activ- 
ity of C'* in tissues and tissue components 
of growing rats greatly exceed in general 
those of mature rats. Practically no 
change in over-all C' retention occurred 
after the fifteenth day in mature rats, 
whereas a significant over-all decrease in 
C'4 retention was observed in the growing 
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animals. After the eighth day the 
biologic half-life of the C'* in intact and 
inorganic bone was 12 to 15 days in grow- 
ing animals. In mature rats it was 30 to 
40 days. The specific activity of serum 
proteins and the rates of decrease of C'* 
content were similar for both groups. 
The rate of decrease of C'* in the soft 
tissues of mature rats fell appreciably by 
the twentieth day. No significant C'* 
turnover in the brain protein of young 
rats was noted. 


A synthesis of isotopic cytosine and a 
study of its metabolism in the rat, A. 
Bendich, H. Getler, G. Brown (Sloan- 
Kettering Inst. for Cancer Research, 
New York), J. Biol. Chem. 177, 565-570 
(1949). Cytosine has been synthesized 
containing isotopic nitrogen in the | and 3 
positions from urea and cyanoacetalde- 
hyde diethyl acetal in over-all yield of 
56%. It was shown that cytosine is 
apparently not a specific metabolic pre- 
cursor of nucleic acid nitrogen. 


Biosynthesis of uric acid labeled with 
radioactive carbon, J. Karlsson, H. Barker 
(Division of Plant Nutrition, Univ. of 
California, Berkeley), J. Biol. Chem. 177, 
597-599 (1949). Uric acid prepared 
biologically by the use of pigeons has been 
labeled in the 2 and 8, the 4, and the 6 
positions starting with labeled formate, 
carboxyl-labeled glycine and _ labeled 
bicarbonate, respectively. Uric acid 
could not be labeled solely in the 5 position 
from methylene-labeled glycine because 
some isotope was found in the 2, 4, 6, and 
8 positions when this was attempted. 


The distribution of fixed radioactive car- 
bon in glucose from rat liver glycogen, 
W. Schreeve, G. Feil, V. Lorber, H. Wood 
(Dept. of Biochem., Western Reserve 
Univ., Cleveland, O.) J. Biol. Chem. 177, 
679-682 (1949). Glucose from rat liver 
glycogen after administration of labeled 
bicarbonate contained isotope in the 3 and 
4 carbons. Trace amounts were found in 
the other carbons and possible explan- 
ations for their presence were advanced. 


Incorporation of isotopic carbon dioxide 
in rat liver glycogen in vitro, A. Hastings 
A. Solomon, C. Anfinsen, R. Gould, I. 
Rosenberg (Dept. of Biol. Chem., Harvard 
Med. School, Boston, Mass.), J. Biol. 
Chem. 177, 717-726 (1949). Carbon 
dioxide incorporation averaged about 8% 
in liver glycogen of fasted animals, It 
was less in well-fed animals or when 
glucose was substituted for pyruvate as a 
substrate. Potassium ions were found to 
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favor glycogenesis while sodium io 
favored glycogenolysis. Glycogen forma 
tion and carbon dioxide incorporati: 
were greater during incubation when bot! 
sodium and potassium ions were presen: 
in equimolar amounts than when eithe 
one was present alone. 


Metabolism of isotopic pyruvate and 
acetate in rabbit liver slices in vitro, |: 
Gould, A. Hastings, C. Anfinsen, | 
Rosenberg, A. Solomon, Y. Topper (Dept 
of Biol. Chem., Harvard Med. Schoo! 
Boston, Mass.), J. Biol. Chem. 177, 727 
731 (1949). C'*-carboxyl-labeled acetat« 
and C'4-q@-carbon-labeled pyruvate wer: 
prepared. A comparison was made of 
labeled carbon incorporated into rabbit 
liver glycogen in vitro in the presence of 
the carboxyl-labeled acetate, a-carbon 
labeled pyruvate* and carbon dioxide 
Pyruvate, it is believed, will more readil, 
equilibrate with carbon dioxide than 
convert itself to glycogen in livers of un- 
fasted rabbits. It is believed that acetate 
may go to glycogen in vitro without prior 
combustion to carbon dioxide. 


A study of transmethylation with methio- 
nine containing deuterium and C' in the 
methyl group, E. Keller, J. Rachelle, V 
du Vigneaud (Dept. of Biochem., Cornel! 
Univ. Med. Coll., New York), J. Biol 
Chem. 177, 733-738 (1949). Deuterium 
and C'4-labeled L-methionine was fed to a 
rat and choline and creatine isolated from 
the body. The ratio of deutefium to C'* 
in the methyl groups of creatine and 
choline was the same as in the dietary 
methionine. 


Oxidation-coupled incorporation of in- 
organic radiophosphate into phospholipide 
and nucleic acid in a cell free system, M. 
Friedkin, A. Lehninger (Dept. of Bio- 
chem., Univ. of Chicago, Ill.), J. Biol 
Chem. 177, 775-788 (1949). The oxida- 
tion of l-malate via the Krebs tricarboxylic 
acid cycle in the presence of inorganic 
P%2-labeled phosphate, adenine nucleotide, 
and Mg** in a suspension of particulate 
material of rat liver, largely of nuclei and 
mitochondria in make-up, resulted in 
P*2-incorporation into phospholipide, pen- 
tose nuclei acid, and an _ unidentified 
phosphoprotein fraction of the particulate 
material. The rate of incorporation of 
radioactive phosphorus into acid-insolu- 
ble esters was much lower than into the 
acid-soluble fraction. 


Carbamates in the chemotherapy of 
leucemia—IV. The distribution of radio- 
activity in tissues of mice following injec - 
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tion of carbonyl-labeled urethane, C. 
Bryan, H. Skipper, L. White, Jr. (South- 
ern Research Inst., Birmingham, Ala.), 
J. Biol. Chem. 177, 941-950 (1949). 
Within 24 hours following intraperitoneal 
injection, 90% of the labeled carbonyl 
carbon was expired as carbon dioxide; 5% 
to 10% was found in the urine. Of the 
remaining radioactive carbon the highest 
concentrations were found in the liver, 
whole blood, intestines and tumor tissue. 
[Two mice with advanced spontaneous 
lymphoid leucemia and two with mam- 
mary carcinoma retained much more 
radioactive carbon in all tissues after 24 
hoursthandidthenormal mice. Whether 
this was due to failure to catabolize the 
urethane as rapidly as normal mice, or 
whether it was due to a greater fixation of 
urethane or one of its metabolites, was 
not determined. 


The metabolism of carrier-free radio- 
beryllium in the rat, J. Crowley, J. 
Hamilton, K. Scott (Crocker Lab., Univ. 
of California, Berkeley), J. Biol. Chem. 
177, 975-984 (1949). Within 24 hours, 
40% of the injected radioberyllium was 
absorbed and 54 % of this amount excreted 
mainly in the urine. After 64 days, 80% 
of the dose had been absorbed and of it 
70% had been excreted. Of the remain- 
ing Be’ the bulk was taken up by bone 
which maintained a level of about 27% 
during the 64-day period. Liver and 
kidney Be’ levels initially compared with 
bone but fell off more than tenfold after 
64 days. Less than 0.2% of an orally 
administered dose of Be? was absorbed by 
the intestinal tract. 


The in vitro incorporation of the methylene 
carbon of glycine into rabbit bone marrow 
fats, K. Altman (Dept. of Radiation Biol., 
Univ. of Rochester, N. Y.), J. Biol. Chem. 
177, 985-986 (1949). The methylene 
carbon of glycine is incorporated into the 
fatty acids of bone marrow and the isotope 
concentration of saturated fatty acids 
exceeds that of unsaturated fatty acids. 
The experiment suggests that rabbit bone 
marrow may be capable of effecting the 
conversion of glycine to acetate which is a 
known precursor of fatty acids. 


The phosphorus turnover of carcinoma of 
the human stomach as measured with 
radiophosphorus, J. Schulman, Jr., M. 
Falkenheim, 8S. Gray (Biophysical Lab., 
Harvard Med. School, Boston, Mass.), 
J. Clin. Invest. 28, 66-72 (1949). The 
rate of phosphorus turnover by gastric 
carcinoma is at least 45% greater than by 
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normal gastric mucosa. There was at 
least a 124% increase in turnover of 
protein phosphorus and at least 45% in 
lipid phosphorus; the acid-soluble phos- 
phorus turnover remained constant. The 
increased turnover rate was limited to 
cancerous tissue and not to the surround- 
ing tissue. In the normal stomach, there 
are no differences in those areas in which 
cancer is common and in which cancers 
arerare. No difference between the phos- 
phorus content of the normal and cancer- 
ous mucosa of the stomach was noted. 


The distribution in rabbit tissue of intra- 
venously injected iodine as shown by the 
radioisotope I'*°, W. Mann, W. Bale, H. 
Hodge, S. Warren (Dept. of Radiol., 
Univ. of Rochester, Ill.), J. Pharmacol. 
Exptl. Therap. 95, 12-17 (1949). The 
thyroid gland contained high concentra- 
tions of iodine while other tissues con- 
tained relatively low concentrations. 
Data suggest that to produce maximal 
concentrations of I'°° in the thyroid the 
total dose of I'?? should be kept as low as 
possible. 


The effect of anesthetics on the uptake of 
radioactive phosphorus by human erythro- 
cytes, V. Pertzoff, C. Gemmil (Dept. of 
Pharmacol., Univ. of Virginia, Charlottes- 
ville), J. Pharmccol. Exptl. Therap. 95, 
106-115 (1949). The rate of radiophos- 
phorus uptake by human erythrocytes is 
variable and is apparently not dependent 
upon food intake. Sodium barbital and 
ether have a retarding effect on the uptake 
of phosphate ion by red blood cells. 
Methadon (in very dilute solution) and 
urethane are apparently without effect. 


Tissue suspensions for estimations of 
radioactivity, fF. Howarth (Dept. of Phar- 
macol., Univ. of Manchester, England), 
Nature 163, 249 (1949). Satisfactory 
suspensions of brominated organic com- 
pounds have been obtained by boiling 
tissue under reflux with lithium hydroxide 
in 20% ethanol. 


The path of carbon in photosynthesis— 
IV. The identity and sequence of the 
intermediates in sucrose synthesis, M. 
Calvin, A. Benson (Radiation Lab. and 
Dept. of Chem., Univ. of California, 
Berkeley), Science 109, 140-142 (1949). 
Radiogram examination revealed that, in 
photosynthetic experiments of 30 to 90 
seconds’ duration, the bulk of the incor- 
porated carbon dioxide is found in the 
phosphoglyceric acids, triose phosphates 
and the hexose phosphates. The first free 
carbohydrate to appear is sucrose. It is 
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believed that two hexose phosphates are 
the precursors to sucrose. Glucose-l- 
phosphate is believed to be one of the pre- 
cursors due to the large amounts of radio- 
activity found in this compound. 


Thermal separation of radiomercury from 
radiosodium, P. Reaser, G. Burch, 8. 
Threefoot, C. Ray (Dept. of Medicine, 
Tulane Univ. School of Med., New 
Orleans), Science 109, 198 (1949). Heat- 
ing a mixture of isotopic mercuhydrin, a 
mercurial diuretic, and isotopic sodium 
chloride in an oven at 250°C for 1 hour and 
20 minutes resulted in more than 99% of 
the mercury's being driven off while the 
sodium preparation was not appreciably 
affected. 


1-C'*-p-glucose and 1-C'*-p-mannose, 
J. Sowden (Radiochem. Lab., Washington 
Univ., St. Louis, Mo.), Science 109, 229 
(1949). 1-C!*p-glucose and 1-C'4-p-man- 
nose were synthesized from C'*-methanol 
in about 60% to 70% yield. 

- BERNARD KANNER 





PHYSICAL PUBLICATIONS 

A portable radiation monitor, D. G. Wyatt 
(Univ. of Oxford, England), J. Sci. Instr. 
(London) 26, 13-17 (1949). The design 
and construction of a portable radiation 
monitor of the ionization-chamber d-c 
amplifier type are given. For X- and 
gamma-radiation in the range 100 kev to 3 
Mev, the most sensitive range gives a 10% 
meter reading for a 0.01 r/hr intensity. 
Alpha and beta-ray intensities can also be 
investigated by usingsliding shutters. 


Experiments on n-p scattering with 90- 
and 40-Mev neutrons, J. Hadley, E. 
Kelly, C. Leith, E. Segré, C. Wiegand, 
H. York (Univ. of California, Berkeley), 
Phys. Rev. 75, 351-363 (1949). The 
angular dependence of the n-p cross sec- 
tion was measured for 40- and 90-Mev 
neutrons by detection of recoil protons 
from polythene scatterers. The total 
cross sections at these energies were 
measured by attenuation methods. The 
angular dependence is well explained by a 
central force of the meson type, containing 
an exchange term, and corresponding to a 
meson of mass 326 electron masses. 


Stars in photographic emulsions initiated 
by deuterons--I. Experimental, E. 
Gardner, V. Peterson (Univ. of California, 
Berkeley), Phys. Rev. 75, 364-369 (1949). 
About 300 stars produced in a desensitized 
emulsion by the deuteron beam of the 
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184-in. cyclotron were investigated f: 
the energies of 35 Mev, 90 Mev, 130 Mey 
and 190 Mev. The plate registered pr: 
tons of energy less than about 10-15 Mey 
and all heavier charged particles. Th: 
average number of prongs for each energy, 
was close to 3.0. There were about thre: 
times as many prongs in the forward as i: 
the backward direction of the beam. 


Stars in photographic emulsions initiated 
by deuterons II. Theoretical, W. Horn- 
ing, L. Baumhoff (Univ. of California 
Berkeley), Phys. Rev. 75, 370-378 (1949 

A theory of stars was developed on the 
basis of a transparency given by the Serber 
theory and used together with evaporation 
of nucleons obtained from a statistical 
model of the nucleus. Probability distri- 
bution was computed for the number of 
prongs per star, assuming approximate 
values of interactions, binding energies 
and entropies. The results agree qualita- 
tively with experiment. 


Positive mesons produced by the 184-inch 
Berkeley cyclotron, J. Burfening, E 
Gardner, C. M. G. Lattes (Univ. of 
California, Berkeley), Phys. Rev. 75, 382 
387 (1949). A 380-Mev circulating 
alpha-particle beam incident on a carbon 
target produced positive and negative 
mesons. Photographic plates were placed 
to receive those which come off at a small 
downward angle (2-5 Mev energy). The 
relative numbers were about one positive 
to four negative heavy mesons. The 
heavy positive mesons are observed to 
decay into secondary mesons. 


On the scattering of protons in hydrogen, 
C. L. Critehfield, D. C. Dodder (Univ. of 
Minnesota, Minneapolis), Phys. Rev. 75, 
419-425 (1949). An analysis is made of 
recent data on the scattering of protons 
by gaseous hydrogen. The S-wave scat- 
tering is found to agree with that given by 
an attractive 10.5-Mev square well of 
radius e?/me?, or with that from a Yukawa 
potential with a meson mass of 300 elec- 
tron masses. Combination with repul- 
sive p-wave scattering explains the small- 
angle scattering, but the p-wave shifts are 
several times larger than those from a re- 
pulsive potential square well with the 
same dimensions as the S well. 


An investigation of brehmsstrahlung by 
means of nuclear isomerism of indium, 
W. C. Miller, B. Waldman (Univ. of 
Notre Dame, Ind.), Phys. Rev. 75, 425-432 
(1949). Using the X-rays produced by 
electrons incident on a gold target, In!"" 
targets were raised to metastable states. 
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thick and thin targets, 


measuring the activity 


The result for 


btained by pro- 


iced as the electron bombarding energy 
varied, showed that the intensity of an 
hromat of X-radiation is constant over 


energies of several hundred kev. 
The absorption by the indium is shown to 
Several activation 
and were detected by 


ectron 


e a line absorption 
evels were found, 

ing the electrons from the metastable 
evel to which the activation levels decay. 


88-Mev gamma-ray cross sections, J. L 


Lawson (General Electric Co., Schenec- 
idy, N. \¥ Phys. Rev. 176, 433-444 
1949 A portion of the brehmsstrahlung 


roduced by the electrons 
om a betatron is selected by an arrange- 
of the pairs 
The portion 
ear the upper limit of the brehmsstrah- 
ing distribution is used to minimize the 


stopping of 


ent which gives the energy 
roduced by such radiation. 


effect of energy degradation by scattering 
section is 
The results 
roughly 
from the cross sections 
Pair-formation 
ross-section ratios were obtained; Comp- 
ton-scattering calculated 
ugree with the Klein-Nishina 
within accuracy. 


the sample whose cross 


easured by transmission 
show small discrepancies, 


portional to Z?. 


predicted by 


pro- 

theory 
cross sections 
from them 


formula experimental 


The angular and lateral spread of cosmic- 
ray showers, J. Roberg, L. W. Nordheim 
Duke Univ., Durham, N. C.), Phys. Rev. 
75, 444-457 (1949). The spread of 
and photons as functions of 
given analytically down 
energy, and calculated 
down to 4 Mev in air. The 
adiative and ionization losses were con- 


etectrons 
their energy are 
to the critical 


numerically 


sidered simultaneously. 


The application of a magnetic lens spec- 
trometer to the measurement of gamma- 
radiation from Zn** and Co”, E. N. 
Jensen, L. J. Laslett, W. W. Pratt (lowa 
State Coll., Ames, Ia.), Phys. Rev. 75, 
158-465 (1949). The effect of the earth's 
magnetic field and of the thickness of the 
radiators used to obtain photoelectrons 
from gamma rays in a thin lens spectrom- 
Calibration by means 
of annihilation radiation and the F line of 
ThB was used 


eter is described. 


The recording of electron tracks in photo- 
graphic emulsions, R. H. Herz (Kodak 
Ltd., Wealdstone, Harrow, Eng.), Phys. 
Rev. 75, 478-485 (1949). Electron tracks 
were produced in photographic emulsions 
by X-rays, natural radioactive decay, 
weak induced activity, and exposure in an 
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electron microscope \ tentative range- 
energy relation was investigated by length 
measurement of the tracks produced by 
monoenergetic electrons 
X-rays 


monochromatic) 


in the microscope 


and by (heterogeneous and 


Beta-decay of Be'’ and theory of beta- 
decay, Rh. k. Marshak (Univ 


of Rochester 


N. Y.), Phys. Rev. 75, 513-515 (1949) If 
the Be'®— B'® deeay involves a spin 
change of three, the minimum half-life 


observed indicates that the interactions 
possible on this basis should all give beta 
spectra very different from the allowed 
shape 


The beta-spectrum of Be'’, I). J. Hughes, 
C. Eggler, C. M. Huddleston (Argonne 
Natl. Lab., Chicago, Il Phys. Rev. 76, 
515 518 (1949) Using a method = by 
which the absorption Be!” is 
compared with the absorption curves of 
known, 
spectrum is ob- 


curve for 


emitters whose spectra are well 
the experimental Be! 
tained. The agrees much better 
with the allowed than with the 
shape calculated by Marshak on the basis 


of the half-life and spin change 


result 
shape 


Relative cross sections for nuclear reac- 
tions induced by high-energy neutrons in 
light elements, W. J. Knox (Univ. of 
California, Berkeley), Phys. Rev. 75, 537 
541 (1949). Light elements from carbon 
to sulfur with 90-Mey 
neutrons, and decay curves were taken, 
Identification of the components of the 
decay allows a comparison of the vields, 
and therefore of the cross sections, relative 
to the yield of a carbon 
barded in the same beam 
for reactions differing by the emission of 
an alpha particle or its equivalent are 
different by a factor of about 


were bombarded 


monitor bom- 


Cross sections 


three. 


Magnetic refraction of neutrons at domain 
boundaries, D. J. Hughes, M. T. Burgy, 
R. B. Heller, J. W. Wallace (Argonne 
Natl. Lab., Chicago, Ill.), Phys. Rev. 75, 
565-569 (1949). Small-angle scattering 
of neutrons in unmagnetized iron was in- 
vestigated. The variation with angle 
and iron thickness agrees with the theory 
based on magnetic scattering of the 
neutrons at domain boundaries. 


Thresholds for several photo-nuclear re- 
actions, J. McElhinney, A. O. Hanson, 
R. A. Becker, R. B. Duffield, B. C. Diven 
(Univ. of Illinois, Champaign), Phys. Rev. 
75, 542-554 (1949). Excitation curves 
were taken by various methods (varying 
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for different elements) for bombardment 
with X-rays from betatron electrons. 
Calibration was by means of the deuter- 
ium, beryllium, carbon, and nitrogen 
thresholds. The thresholds of various 
(y,p) and (y,n) reactions were determined, 
and the excitation curves (up to 22 Mev) 
appear similar in shape, with the exception 
of that for Ta. The thresholds are cor- 
related with the packing fraction curve. 


Neutron-proton scattering at 90 Mev, 
K. Brueckner, W. Hartsough, E. Hay- 
ward, W. M. Powell (Univ. of California, 
Berkeley), Phys. Rev. 75, 555-564 (1949). 
The recoil proton tracks observed in a 
16-in. cloud chamber filled with hydrogen 
were studied during the irradiation of the 
chamber with a narrow beam of 90-Mev 
neutrons. The results show that the 
n-p scattering at these energies is not 
isotropic in the center of gravity, and is 
not symmetric about 90°. The proton 
peak in the forward direction indicates 
some exchange force. 


Electron-neutrino angular correlation in 
the beta-decay of He’, J. S. Allen, H. R. 
Paneth, A. H. Morrish (Univ. of Chicago, 
Ill.), Phys. Rev. 75, 570-577 (1949). The 
recoil nuclei from He* decay were detected 
by an electron multiplier tube, and the 
electrons by an end-window Geiger coun- 
ter. By varying the potential on grids in 
the path of the recoils, an energy spectrum 
was obtained for angles of 180° and 162° 
between the recoil and electron paths. 
Coincidence measurements assured that 
the particles from a single event were 
correlated. The best agreement with 
theory was obtained with the correlation 
function 1 — v/3ec cos 8, corresponding to 
an axial vector interaction. 


Spin dependence of slow neutron scatter- 
ing by deuterons, E. Fermi, L. Marshall 
(Univ. of Chicago, Ill.), Phys. Rev. 75, 
578-580 (1949). Information on _ the 
scattering lengths for the doublet and 
quartet states of spin orientation for the 
neutron and deuteron has been obtained 
from cross sections. For epithermal 
neutrons, indium and silver neutron reso- 
nances were used; for neutrons of 5.43 A.U., 
a filter was used. The two scattering 
lengths are the same in sign but may differ 
by a factor of two. 


Mixed cosmic-ray showers at sea level, 
C. Y. Chao (Massachusetts Inst. of Tech- 
nology, Cambridge), Phys. Rev. 75, 581- 
590 (1949). Cloud-chamber photographs 
have been made of showers containing 
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both slow and fast heavy particles as we! 
as the electron component. The cascad 
showers are discussed in regard to initiat 
ing event. A star is produced in one cas: 
by a penetrating particle shower. 


East-west asymmetry and latitude effect 
of cosmic rays at altitudes up to 33,000 
feet, W. C. Barber (Univ. of California 
Berkeley), Phys. Rev. 75, 590-599 (1949) 
Using a triple-coincidence telescope the 
asymmetry was measured at several 
geomagnetic latitudes. The hard, soft, 
and shower-producing components were 
separately investigated, and the results 
indicate that all were produced by the 
same primary rays. The variation of 
vertical intensities of the hard and soft 
components with altitude and geomag- 
netic latitude is also given, 


Relation of the cosmic radiation to sunspot 
magnetic moments, J. W. Broxon (Univ. 
of Colorado, Boulder), Phys. Rev. 15, 
612-619 (1949). The arithmetical sum 
of the magnetic moments of all visible 
sunspots has been statistically compared 
with the intensity of the cosmic radiation. 
Various phase relations were discovered 
between pulses in the two distributions. 


The radioactivities of some high mass 
isotopes of cobalt, T. J. Parmley, B. J. 
Moyer, R. C. Lilly (Univ. of California, 
Berkeley), Phys. Rev. 75, 619-623 (1949). 
Using neutron bombardment of nickel 
samples enriched in isotopes 61, 62, and 
64, activities of Co® (electron 1.3 Mev, 
no gamma, 1.75-hr half-life) and Co 
(electron 2.3 Mev, gamma 1.3 Mev, 13.9- 
min half-life) were identified. 


Quantitative measurements with scintilla- 
tion counters, H. Kallmann (Kaiser-Wil- 
helm Inst., Berlin-Dahlem, Germany), 
Phys. Rev. 15, 623-626 (1949). The 
efficiency of various fluorescent materials 
used as scintillation counters has been 
measured. The efficiencies depend on the 
physical light yield (fraction of absorbed 
energy transformed into light), and the 
practical light yield (amount of light 
actually obtained for a given radiation, 
due to the possible opacity of the material 
to its fluorescent radiations). The organic 
phosphors (naphthalene, phenanthrene) 
and KBr phosphors are superior in the 
latter respect to the sulfide phosphors. 


A determination of the ratio of the masses 
of x- and p-mesons by the method of 
grain counting, C. M. G. Lattes, G. D. 8. 
Occhialini, C. F. Powell (Univ. of Bristol, 
England), Proc. Phys. Soc. 61A, 173-183 
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1948 the tracks in more 
than thirty events in which the secondary 
i-meson (of energy about 4 Mev), pro- 
iuced by a w-meson at rest, comes to the 
id of its range in the emulsion, gives a 
The method of 
jetermining the mass ratio is explained, 
ind the ratio my/my is given as 1.62 

0.12. The fluctuations in the ratio 
dicate that the decay of a w-meson is 
iccompanied by emission of a neutral 
reson of mass 115 + 30 electron masses. 


Analysis of 


itio for the masses. 


Determination of the masses of charged 
particles observed in the photographic 
plate, Y. Goldschmidt-Clermont, D. T. 
King, H. Muirhead, D. M. Ritson (Univ. 
f Bristol, England), Proc. Phys. Soc. 61A, 
183-194 (1948). The scattering of 40 
protons and 160 mesons in photographic 
emulsions was investigated and the masses 
nvolved evaluated by the curvature of 
the path due to scattering. The proton 
tracks were used as a check on the method, 
und the value observed was 1.2 + 0.1 
proton masses (possibly due to the presence 
of deuterons and tritons). The results 
for mesons were: m-mesons, 260 + 30m, 
electron masses); u-mesons, 205 + 20m,; 
o-mesons, 275 + 15m,; p-mesons, 200 
10m,. 


Continuous y-emission in neutron-proton 
collisions, M. Krook (Univ. of Birming- 
ham, England), Proc. Phys. Soc. 624A, 
19-26 (1949). A calculation is made of 
the brehmsstrahlung to be expected in 
n-p collisions for bombarding energies up 
to 20 Mev, using a central exchange force 
model. The value of 10728 to 10729 cm? 
obtained for the cross section is too small 
to be measured at present. 


Further experiments with an adjustable 
Geiger-Miiller counter, A. G. Fenton, 
E. W. Fulier (Univ. of Birmingham, 
England), Proc. Phys. Soc. 628A, 32-40 
1949). An investigation was made of 
the variation of multiple pulses with 
counter voltage, anode diameter, and 
total pressure of filling. Plateau curve 
slopes include the effect of increased coun- 
ter efficiency and more multiple pulses, 
which may be either spontaneous or due 
to the effect of previous genuine pulses. 
The charge per pulse is found as a function 
of operating voltage. Using the counter 
as an ionization chamber showed that, 
in the proportional region, first log J was 
proportional to V (J = ionization, V = 
counter voltage), then log-log J was pro- 
portional to V. As the Geiger region was 
entered, a sharp break in the log-log 
I curve indicated a discharge spreading. 
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Investigations on the binding energy of 
heavy nuclei, R. Huby (Univ. of Bristol, 
England), Proc. Phys. Soc. 68A, 62-71 
(1949). Approximate calculations of the 
binding energy of heavy nuclei on the 
basis of the Moller-Rosenfeld interaction 
were made using first and second-order 
perturbation approximations on the Fermi 
gas model. About 50% of the binding 
energy is explained in this way, by the use 
of parameters obtained from the char- 
acteristics of light nuclei. 


Trochotron design principles, G. W 
Monk, G. K. Werner (Carbide and Carbon 
Chemicals Corp., Oak Ridge, Tenn.), 
Rev. Sci. Instr. 20, 93-96 (1949). The 
perfect focusing properties of the crossed 
electric and magnetic fields of the trochoi- 
dal type of spectrometer are de- 
rived (this term describes the ion paths). 
Nomographs and general trochoids are 
given to correlate the design variables. 


mass 


Design of the radiofrequency system for 
the 184-inch cyclotron, K. R. MacKenzie, 
F. H. Schmidt, J. R. Woodyard, L. F. 
Wouters (Univ. of California, Berkeley), 
Rev. Sci. Instr. 20, 126-133 (1949). The 
f-m oscillator and associated circuits for 
use with the 184-in. cyclotron to give 190- 
Mev deuterons are described. The nor- 
mal voltage delivered by the r-f at the 
front of the dee is 20 kv. A condenser 
whose capacitance is changed mechan- 
ically by rotating the plates 100 times per 
second sweeps the frequency from 12.5 to 
9.0 megacycles per second. 


Table of isotopes, G. T. Seaborg, I. Perl- 
man (Univ. of California, Berkeley), 
Revs. Mod. Phys. 20, 585-667 (1948). A 
revision of the well-known isotope tables 
issued in 1944, this article includes the 
following data on active and stable iso- 
topes of all the elements: atomic and mass 
number, percent abundance, types of 
radiation emitted together with the cor- 
responding energy of emission, and 
methods of producing active isotopes. 


The metabolic properties of the fission 
products and actinide elements, J. G. 
Hamilton (Univ. of California, Berkeley), 
Revs. Mod. Phys. 20, 718-728 (1948). 
Twenty-two different radioelements, both 
of the actinium series and fission product 
group, were investigated for their meta- 
bolic properties in the rat. The absorp- 
tion rate, accumulation in the principal 
organ of retention, and rate of elimination 
are given. Radioautographs are shown. 
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for different elements) for bombardment 
with X-rays from betatron electrons. 
Calibration was by means of the deuter- 
ium, beryllium, carbon, and nitrogen 
thresholds. The thresholds of various 
(y,p) and (¥y,n) reactions were determined, 
and the excitation curves (up to 22 Mev) 
appear similar in shape, with the exception 
of that for Ta. The thresholds are cor- 
related with the packing fraction curve. 


Neutron-proton scattering at 90 Mev, 
K. Brueckner, W. Hartsough, E. Hay- 
ward, W. M. Powell (Univ. of California, 
Berkeley), Phys. Rev. 75, 555-564 (1949). 
The recoil proton tracks observed in a 
16-in. cloud chamber filled with hydrogen 
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chamber with a narrow beam of 90-Mev 
neutrons. The results show that the 
n-p scattering at these energies is not 
isotropic in the center of gravity, and is 
not symmetric about 90°. The proton 
peak in the forward direction indicates 
some exchange force. 


Electron-neutrino angular correlation in 
the beta-decay of He’®, J. S. Allen, H. R. 
Paneth, A. H. Morrish (Univ. of Chicago, 
Ill.), Phys. Rev. 75, 570-577 (1949). The 
recoil nuclei from He®* decay were detected 
by an electron multiplier tube, and the 
electrons by an end-window Geiger coun- 
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the path of the recoils, an energy spectrum 
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between the recoil and electron paths. 
Coincidence measurements assured that 
the particles from a single event were 
correlated. The best agreement with 
theory was obtained with the correlation 
function 1 — v/3e cos 6, corresponding to 
an axial vector interaction. 


Spin dependence of slow neutron scatter- 
ing by deuterons, E. Fermi, L. Marshall 
(Univ. of Chicago, Ill.), Phys. Rev. 75, 
578-580 (1949). Information on the 
scattering lengths for the doublet and 
quartet states of spin orientation for the 
neutron and deuteron has been obtained 
from cross sections. For epithermal 
neutrons, indium and silver neutron reso- 
nances were used; for neutrons of 5.43 A.U., 
a filter was used. The two scattering 
lengths are the same in sign but may differ 
by a factor of two. 


Mixed cosmic-ray showers at sea level, 
C. Y. Chao (Massachusetts Inst. of Tech- 
nology, Cambridge), Phys. Rev. 75, 581- 
590 (1949). Cloud-chamber photographs 
have been made of showers containing 
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both slow and fast heavy particles as we! 
as the electron component. The cascad 
showers are discussed in regard to initiat 
ing event. A star is produced in one cas: 
by a penetrating particle shower. 


East-west asymmetry and latitude effect 
of cosmic rays at altitudes up to 33,000 
feet, W. C. Barber (Univ. of California 
Berkeley), Phys. Rev. 75, 590-599 (1949) 
Using a triple-coincidence telescope the 
asymmetry was measured at several 
geomagnetic latitudes. The hard, soft, 
and shower-producing components were 
separately investigated, and the results 
indicate that all were produced by the 
same primary rays. The variation of 
vertical intensities of the hard and soft 
components with altitude and geomag- 
netic latitude is also given. 


Relation of the cosmic radiation to sunspot 
magnetic moments, J. W. Broxon (Univ. 
of Colorado, Boulder), Phys. Rev. 15, 
612-619 (1949). The arithmetical sum 
of the magnetic moments of all visible 
sunspots has been statistically compared 
with the intensity of the cosmic radiation. 
Various phase relations were discovered 
between pulses in the two distributions. 


The radioactivities of some high mass 
isotopes of cobalt, T. J. Parmley, B. J. 
Moyer, R. C. Lilly (Univ. of California, 
Berkeley), Phys. Rev. 75, 619-623 (1949). 
Using neutron bombardment of nickel 
samples enriched in isotopes 61, 62, and 
64, activities of Co® (electron 1.3 Mev, 
no gamma, 1.75-hr half-life) and Co 
(electron 2.3 Mev, gamma 1.3 Mev, 13.9- 
min half-life) were identified. 


Quantitative measurements with scintilla - 
tion counters, H. Kallmann (Kaiser-Wil- 
helm Inst., Berlin-Dahlem, Germany), 
Phys. Rev. 15, 623-626 (1949). The 
efficiency of various fluorescent materials 
used as scintillation counters has been 
measured. The efficiencies depend on the 
physical light yield (fraction of absorbed 
energy transformed into light), and the 
practical light yield (amount of light 
actually obtained for a given radiation, 
due to the possible opacity of the material 
toits fluorescent radiations). The organic 
phosphors (naphthalene, phenanthrene) 
and KBr phosphors are superior in the 
latter respect to the sulfide phosphors. 


A determination of the ratio of the masses 
of x- and w-mesons by the method of 
grain counting, C. M. G. Lattes, G. D. 8. 
Occhialini, C. F. Powell (Univ. of Bristol, 
England), Proc. Phys. Soc. 61A, 173-183 
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¥48 Analysis of the tracks in more 
han thirty events in which the secondary 
i-meson (of energy about 4 Mev), pro- 
luced by a x-meson at rest, comes to the 
d of its range in the emulsion, gives a 
itio for the The method of 
jetermining the mass ratio is explained, 
ind the ratio mz/m,y is given as 1.62 
0.12. The fluctuations in the ratio 
dicate that the decay of a mw-meson is 
companied by emission of a neutral 
eson of mass 115 + 30 electron masses. 


masses, 


Determination of the masses of charged 
particles observed in the photographic 
plate, Y. Goldschmidt-Clermont, D. T. 
King, H. Muirhead, D. M. Ritson (Univ. 
f Bristol, England), Proc. Phys. Soc. 614A, 
183-194 (1948). The scattering of 40 
protons and 160 mesons in photographic 
emulsions was investigated and the masses 
nvolved evaluated by the curvature of 
the path due to scattering. The proton 
tracks were used as a check on the method, 
und the value observed was 1.2 + 0.1 
proton masses (possibly due to the presence 
of deuterons and tritons). The results 
for mesons were: z-mesons, 260 + 30m, 
electron masses); u-mesons, 205 + 20m,; 
o-mesons, 275 + 15m,; p-mesons, 200 
1Ome. 


Continuous y-emission in neutron-proton 
collisions, M. Krook (Univ. of Birming- 
ham, England), Proc. Phys. Soc. 624A, 
19-26 (1949). A calculation is made of 
the brehmsstrahlung to be expected in 
n-p collisions for bombarding energies up 
to 20 Mev, using a central exchange force 
model. The value of 10728 to 1072% cm? 
obtained for the cross section is too small 
to be measured at present. 


Further experiments with an adjustable 
Geiger-Miiller counter, A. G. Fenton, 
E. W. Fuller (Univ. of Birmingham, 
England), Proc. Phys. Soc. 628A, 32-40 
1949). An investigation was made of 
the variation of multiple pulses with 
counter voltage, anode diameter, and 
total pressure of filling. Plateau curve 
slopes include the effect of increased coun- 
ter efficiency and more multiple pulses, 
which may be either spontaneous or due 
to the effect of previous genuine pulses. 
lhe charge per pulse is found as a function 
of operating voltage. Using the counter 
as an ionization chamber showed that, 
in the proportional region, first log J was 
proportional to V (UJ = ionization, V = 
counter voltage), then log-log J was pro- 
portional to V. As the Geiger region was 
entered, a sharp break in the log-log 
I curve indicated a discharge spreading. 
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Investigations on the binding energy of 
heavy nuclei, R. Huby (Univ. of Bristol, 
England), Proc. Phys. Soc. 62A, 62-71 
(1949). Approximate calculations of the 
binding energy of heavy nuclei on the 
basis of the Moller-Rosenfeld interaction 
were made using first and second-order 
perturbation approximations on the Fermi 
gas model. About 50% of the binding 
energy is explained in this way, by the use 
of parameters obtained from the char- 
acteristics of light nuclei. 


Trochotron design principles, G. W 
Monk, G. K. Werner (Carbide and Carbon 
Chemicals Corp., Oak Ridge, Tenn.), 
Rev. Sci. Instr. 20, 93-96 (1949). The 
perfect focusing properties of the crossed 
electric and magnetic fields of the trochoi- 
dal type of mass spectrometer are de- 
rived (this term describes the ion paths). 
Nomographs and general trochoids are 
given to correlate the design variables. 


Design of the radiofrequency system for 
the 184-inch cyclotron, K. R. MacKenzie, 
F. H. Schmidt, J. R. Woodyard, L. F. 
Wouters (Univ. of California, Berkeley), 
Rev. Sci. Instr. 20, 126-133 (1949). The 
f-m oscillator and associated circuits for 
use with the 184-in. cyclotron to give 190- 
Mev deuterons are described. The nor- 
mal voltage delivered by the r-f at the 
front of the dee is 20 kv. A condenser 
whose capacitance is changed mechan- 
ically by rotating the plates 100 times per 
second sweeps the frequency from 12.5 to 
9.0 megacycles per second. 


Table of isotopes, G. T. Seaborg, I. Perl- 
man (Univ. of California, Berkeley), 
Revs. Mod. Phys. 20, 585-667 (1948). A 
revision of the well-known isotope tables 
issued in 1944, this article includes the 
following data on active and stable iso- 
topes of all the elements: atomic and mass 
number, percent abundance, types of 
radiation emitted together with the cor- 
responding energy of emission, and 
methods of producing active isotopes. 


The metabolic properties of the fission 
products and actinide elements, J. G. 
Hamilton (Univ. of California, Berkeley), 
Revs. Mod. Phys. 20, 718-728 (1948). 
Twenty-two different radioelements, both 
of the actinium series and fission product 
group, were investigated for their meta- 
bolic properties in the rat. The absorp- 
tion rate, accumulation in the principal 
organ of retention, and rate of elimination 
are given. Radioautographs are shown. 
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COMPLETE GEIGER MULLER 


COMBINED COUNTING RATE 
METER AND COUNTER SET 


Complete laboratory type counting 
rate meter with recording circuits suit- 
able for operation of external impulse 
register. Vacuum Tube Voltmeter 
Circuit provides for use of 5 M.A. Pen 
Recorder. Built-in speaker for aural 
monitoring. Operates on 115 Volt 
60 cycle line Price $350 


MODEL RM4A 


NEW SCALING TYPE GEIGER 
MULLER LABORATORY COUNTER 


A completely modern unit, designed 
to speed up laboratory counting. Di- 
rect reading scale quickly indicates 
total count. No extra computing. Total 
count on 100 scale up to 999,999 or 
9,999,999 on 1000 scale before re- 


A COMPLETELY EQUIPPED PRECISION 
ELECTRONICS PLANT TO SERVE YOU 


El-Tronics offers unexcelled production facilities for the manufacture and 
assembly of precision electronic equipment of all kinds. Our plant offers 
excellent tooling, skilled engineering and highly trained craftsmen. Call 
on us for a discussion of your requirements. 
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! t surprisingly great use of 
t es Larger companies, in- 
ling National Technical Laboratories 
ik Koett, actively entered the 
1 with a line of instru- 

As things began to stabilize, 

s found themselves in a 

petitive field Some standardiza- 
t g place within the AE( 

{ vere placed on a bid basis 
ties of instruments Prices 

pped n too, things were not 
rs which industry had 
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been led to expect woul i ne placed by 


the mulitary Thus 1947 saw the 
temporary stabi t the lustr 
with the s ipply exce i yt en ind 
Phe Impetus of the etoh hoy 
tests did little more t ive Tew 
companies a shot t It was 
clearly recognized t t ere too 
many compan business 
Competition for the « ting 1 ‘el 
would either « t of the 
smaller concerns or it t ( I 
convince big | ss t could 
ifford to disregard the field 

Ir spite of the or ous gis it least 
six new companies d ted to the 
development and production of these 
instruments were organized in 1948 
Large military order ere st only a 
I mbling in W v ) It wa 
known that some nies had re 
search and develop ntracts wit! 
the military but there w o evidenes 
of any production orders Only 
recently have military orders for pro 
duction lots of t ts he re 
ceived by instrument companies and 
indications are t t the tot dollar 
ilue of these is cor 1 if é than 
one million dollar Toda this is 
only a small fraction of the output of the 
ndustry 

At this point it is of interest to 
examine the types of instrument buyers 


other than military 
be broken down as fo 
1. Atomic Energy 
Research institutions and univ 
ties 
Government agencies other than 
AR 
Industry 


Prospe¢ tors 


Of these markets, the industrial one 
seems to be the least tapped, or 
strangely enough, industry has been 


apply ing the 
This 


is no longer explained by a scarcity of 


sluggis} 


extremely 


fruits of atomic energy research 


a small fraction of the 
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supply as only 





AERC'’s radioisotopes has heen roing important tools and then use ser 


to industr With thie Ah encour adehnitel to have limits Anot 








wing prospecting for uranium 4d phase of the civilian market is the px 
posits, a consid le number of s ev- bole tockpiling of survey instrume 
type nstruments has been sold to for ator ‘r purposes A rece 
prospector report | Civil Defer 

Prior to the r the dollar e of Planning n to believe t} 
the vearly sales was probably of the large numbers of instruments would 


order of S100.000 No accurate figures procured for this purpose, but there 


re available for the per od from 1940 no time seale indicated for the purcl 
1945 but the total must have been mors It would seem highly desirable to pre 

than SLO,Q00,000 Phe post-war period leate quantity procurement upon 
represents the significant one and more successful small seale employment 
ecise figures | ¢ been made available the instruments by token civilian t 
or this surveyv.* On the | s of the forces and upon a realistic appraisal 
lata supphed and assumed data for thi the probable hazards to be encounters 
few compani vhich did not provide Many believe a program of educatic 
iles data, the following figures have to be more fundamental than a progr 
been calculated of procurement. If every large cit 
to have a stock of radioactivit 


measurement instruments on hand ar 


bee sitenirig if present type instruments are pre 
sos cured, we will be in a constant state « 
1046 S SO0.000 
1947 $1.700.000 itters every time a Geiger count 
1O48 $3. 500.000 misbehaves 
1949 (Est 34,500,000 W hile the industry is still in it 
— Ss: a Pa infaney, there is no better time t 
| think of tandardization Today no 
he sale oO deontu y 1 
: S even the terminology is standard, muc 
or at le t V rs Phe ts 1 1 " 
less the instrumentation Earlier tl 
rise or fall | large measure, depene » . , 
; ; vear the Radio Manufacturers Asso 
ipon the over-al ietuiness of radio- » 
: ; ; : ciation and the Institute of Radi 
otopes to enee and indust: Phe —_ 
engineers held an exploratory meeting 
Atomic Energy Commission wi ee } } } } 
to consider the problems ol standard- 
tinue to be a big consumer but unless 
izing certain nuclear measurement 
the present tatus is upset ! ine 


ment. Progress in this directior 


is definitely indicated; the rate will 


mat 
I inds should ot ontinue to rise 
: depend upon the degree to which indus- 
I} : 
( pure ( in I irket 1.¢ rie ° 
: try cooperates. Today many of the 
niversities nstitutes and industry e , 
ld Sol instruments produced vary considerably 
SHOU rel ! ly steady and a sharp ' > 
eal I : in rel Mindful of the truisn 
increase would seem unlike -adio- 
: 1 é istrument is worse than 
isotopes are Ist il ut not ad t] 
will pay for the indus- 
commonly agreed upon 
The author wishes to thank those manufa nance, for an instrument 
turers w it t r 1 protection must he 
é t ntial 
n ‘ i 
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Nuclear Physics 


SANBORN C. BROWN 
Department of Physics 
Vassachusetts Institute of Techn 


Cambridge, Massachusetts 


Gamma Rays 


Geiger-Miiller counters must be ope: 
ated in connection with stabilized power 


supplies, electronic amplifiers, and out 


put circuits 


Light-element cathodes The commor 
forms of these include the use « 
silver deposits on the inside of glas 
envelopes, graphite, or copper as 
cathodes In the energy range from 


low to 3 Me Vv. the detection efficienes 


of this type is small at low energy, 


reaching, less than 0.5 it high 
energy 
Hear j-€ lement cathodes These eoul 


ters can be made with lead, platinum 
or bismuth cathodes. They have 
relatively high efhe rencies of 0.2 ) 
to 1 Mev, and increase in efficienc 
at higher energies as do counters with 


other cathodes 


Cell-type const on. Counters built 
with internal fins, plates, baffles, o1 
banks of evlindrical cathodes, all 
Within the same envelope, can in- 
crease the detection efficiency as 
much as a factor of ten over conven- 


tional construction 


Scintillation counters used in conjune- 
tion with photomultipliers sucl 
931-A or 1 P21, and associated electronic 


amplifiers. 


as a 


Types of crystals which fluoresce 
under ionizing radiation and are 


re 


transparent to their own radiation ¢ 
satisfactory. They exhibit very high 
efficiencies, from 60°; to almost 100° 
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Crystal counters are operated with hig 

gain amplifiers to detect the ion curre: 
1 the ervstal lattice. 
Reoom ten pe ature. Selects d diamor 

ind cadmium sulfide crystals operat 

room temperature Verv | 

close to 100 

Lagquid aur 


chloride type of crystal operate 


‘} 
‘ Clery 
len peratures Sil 


success! 


ily at liquid air tempera 


ures Detection efficiencies close t 
LOO‘ 

Photographic emulsions 
| itoradiographs. Contact detection 
using commercial types of X-ra 
film 
Deute im loaded emulsions with D.O 
may be used by detecting the photo 
disintegration of deuterium above | 

Mev gamma rays, 


Beta Rays 
Geiger-Miiller counters must be ope: 
ated in connection with stabilized 
power supplies, electronic amplifiers and 
output circuits 

‘i: counters of glass or thin 
tisfactory for high energy 


heir efficiency is close to 


construction allows for 
wide range in energy 
pported mica windows 
1 to less than 0.1 Mev 
Zapon windows when 
1 grids may be used for 


radiation down to 2 or 3 
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source mav be rating ore 
g gas or seaied off 
nt in the gas X-rays 
100 Geiger-Miiller counters 
tional counters e operat ated in connector 
~ i OW { 
s, puls put 
‘ t circuit ky ndo ‘ 
milar to sage ol Liat \\ 
Geiger-Miiller lass, or plast \ 
“ tput pulse from the nowledge 0 
to the beta-rav limits, winde ged tf 
n of the radia- pass X-rays but 
pREnCe Proportional counters ‘ ted 
tipliers. Sp multi- in connection wit OW 
electron eff d nators — 
O19 Ke the ky na ‘ 
t 40°; at 6 haracteristics to ¢ Maller 
[he | té - one rt t ) ‘ 
graphic emulsions S proportional ¢ t p 
duced in the co 
t contact 
tman No- Photographic film 
Direct detection 1 bo the 
par radiation 
a an spectrometers 
erated — Tonization chambers 
with me ng liber ¢ ‘ ( 
1 chambers ontro rent amplifiers 
| ona T) ble char s 
l ns would be give accurate 1 ty 
e with iso Electron multipliers | ter 
er solving times but are not as « nt fe 
zation chambers have a high eff detection of about 1 A.U. X-radiation 
with high pressure asa Geiger-Miiller 
g would be five atmos- 
9 h 5 CO Using Neutrons 
one can obtain high  Geiger-Miiller counters operated 
s. Chamber must be connection with stabilized power sup 
i with an electrometer plies, electronic amp! . d output 
f tubes, such as FP-54, give circuits 
t directly Foils which become radioactive when 
ometers. such as bombarded by neutrons are measured 
with Geiger- Miller counters 


con 
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electrometers, give 


stographic recording, and — Proportional counters operated ir 
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nection with stabilized powe 


electronic amplifiers, pulse 

tors and output circuits 
BI J ed counters detect 
trons by the neutron disint 
ol boron, prod ng ! 
Ol ng particles BFFs er 
B il ( ( I ( ! 
detect ty several \l 
rounded i tl 7) lin s 


10 kev to 3 


trom 





on 
thene, or other hvdrogenec 
mounted as tors 

can lead to eel gS « 

l Me neutrons ('o 
with hydrogen gas also pr 
source Of proton recoils 


Helium recoils have also been 


detect 


ising proportional counters 
pressure helium or heliun 
tures to several atmosp! 


Photographic emulsions ar 
the use of the proton reco 

hvdrogeneous materials in. the 
fill 


graph 


Ionization chambers are used 


tion with linear amplifiers or 


ing reed electrometers and 
eircuits 
BI 3 f { chamber wit! 
atmospheres of BY enriched g 
detect no neutrons above O 


nded by a tl 
mum filter 


neutrons is ¢ 


Proton recoils can be obtained 


ing chamber with H For 
Mev 
pheres of H 


typical filling is 


and 4 atmosph 


range, 


(7235 fission for slow neutron ¢ 


can be measured in 96 \ 


CO, mixture, with electron e 


for rapid response, 
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pL tion 
is the 
} } 
( 
] 
| WS 
Sry 
, +} 
+} 
S to 
} } 
t 
ne 
r 
{ 
r 
To 
t 
» ¢ 
t a- 
LOW 





lection 


/ f » for fas tron det 
a 

ural oated l er surro 

I il i1toan ther I 


Alpha Rays, Protons and Deuterons 


Proportional counters operated 
nection wit tall lt 


tr ’ ‘ 
( ‘ - Se { 
! | } 1 
} 
tors | t if « ( ns 
! 
1) ~ { t s 
i} 1 
, } nd eam? 1 
! r , 
pre | rec t 
¢ ¢ 
I 0 ) ms no } 
" 
gen l terial ~ ! eXDOs 
t} 
r ) ( 


Photographic film. 
detection 100 ethicient 


Ionization chambers ec: e run 


Electron multiplier with ber 

opper tes is 100 efhicient, 
t ope tes lu! ¢ 

sed for vi low energy alpha 1 


ind similar crvstals that 


rent to their own flu 
ive high alpha-ray eff 
ire also sensitive to bet 
mma rays 


control 


circuit 


er needs 
1 

mechanism, and can 

ve to heavily 


not to 


1ONIZINE 


beta rays and 
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Radiobiology 


ANDREWS 


(,elg \I 
| 
(i-M 
Nl 
1s, is gic 
t Pable 
Sis wukidiaiinn siaidnaidiagimaiaiaiaitaitaiait jeu 
: . TABLE 1 
din Radioactive Isotopes of Biological 
Importance 
od 
HW , 
} + H . 
t) ! s ) 9 - 
mi I 1 N 
de} s S7 ( N 
tivits wast (1 
’ | 
det il | a 
gamn I 8.0 i pes 
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TABLE 2 


Counter-type Instruments 


Internal H’, C4, S No ubsorbing win Refilling required  s 
low; can count gas reproducibility = re- 
samples quires care; some 


gases not suitable 


Flow Gas C4 s No absorbing win- Not suitable for gas 
dow; reproducible samples 
tf yg 

Phin Window CS Filling constant Some window ab- 

5mg/em sorption 
Standard Na*#, P32, [131 Filling constant Insensitive to low 
~ 20 mg/er energie 

Gamma Any y-emitter Mexssurements Low efficie 
rom intact subject 

Crystal Any High y-efficiency; Small size 


rt resolving time 





Scintillation Any High vy-efficiency; High background 7,8 
short resolving time current 
tion and that the betas are of relatively either to a sealing circuit and a mec! 
low energy It is difficult to get win- ical register or to a rate meter wit! 
dows thin enough to obtain i high continuous recording ce vice Bot! 
counting efheieney with the low energy these methods have their advocate 
beta radiations from these three tso- but, in general, it seems that, for | 
topes Consequently 1tonization cham- logical assay of individual sample s, t 
Der techniques ha ( proved quite iseful scaling cireuit has some advantage 
in studies of thes particular materials whereas for determination § of de 
In ‘| ible 2 are listed some ot the curves over relatively long periods 

general types of counter instruments time the rate meter Is superior I 
together with pertinent data concerning most cases it is desirable to obtain 
them. The types of counters listed decay curve of the isotopic sample being 
here will take care of the majority of used since it 1s not always certain that 
counting problems for which Geiger the sample is pure and that the simpl 
counters are suitable In a few cases logarithmic decay anticipated from 
special instruments must be developed single isotope is actually being obtained 
for the probl m in hand Suchaspecial Table 3 lists some of the tvpes 0 
problem is the determination of iz electrometers which can be used wit! 
ind Fee? To separate these etivities ionization chambers for radioactive 
it has been found iy wntageous 4) to ASSAY These detecting de vices can | 
use a special counter tube with a beryl- used to determine any type of radiation 
lium window to detect the soft X-rays the exact type depending upon the ce 
emitted as a result of the A-capture by sign of the ionization chamber. lh 
the Fe isotope biological assay work the ionizatior 


Any of the Geiger-Miller counters chamber is most useful for determining 


listed in Table 2 may be connected alpha particles and low energy beta 
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that the 


is assumed 
hers will be designed in 


Many 


these demands 


eters have been de- 

not space here to 

I Table 3 lists only 

have pro ed to be most 
ogical work 

ning the biological effects 

g diations it is customary 

ther whole animals or sim- 

biological systems with 

of choice, which may be 


X-rays 


re is not one of obtaining 


ir radiations or 
because, in general, the 
are relatively high 
tter ot 


nes ama measur- 


0 9 nsities and determining 
) thre radiation absorbed 
tar irradiated Biological 


e irradiated either with 
\-1 mma rays or neutrons from 

es or with alpha or beta 
es fro radioactive materials 
The radioactive 


roduced internally 


be standardized with one 


the appropriate instruments listed in 
Tables 2 and 3. In general rather 


ve doses of radiation are required to 


observable biological effects 
i the ssay will not require the deter- 
Rather 


ve necessary to bring the 


nt f small quantities 
} 


the counting 


; +, within 


n range of 
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TABLE 3 


lonization Chamber Instruments 








Disad 


equipment Fro i \ ige of the 
energy of the radiations and the con 
centration ol the ad t ed materia 
the dose can be det ed It 
Ionization cham! iments are 
used almost exclusively for measuring 
X and gamma-ray dost since With the 
propel! choice of chambers the response 


to the received 


will be proportional ti 


dost 


by the tissue Dose rates may be 
high as 100 r per hour ind ¢ ire! st ( 
taken to insure that the 1on cham 


saturated at the highest rate 


f 


wall thickness 0 
be chosen so that there will be electron 


equilibrium in the gas space 


! 

For use with X-rays having energies 
below 100 kev a chamber with nylon 
walls about 0.005 1 ti k mal be use d 
in connection with an r-meter These 
chambers are not air equivalent at low 
X-ray energies (/ and require large 


orrections below 20 kev but are the 


only chambers now av iilable for low 


quantum energy measurements 

For quantum energies between 70 
kev and 200 kev, bakelite wall chambers 
are customarily ust d and yield readings 
practically independent of energy 
These chambers are quite satisfactory 
5 Mey and may be 


ip to 1 


ior energies 


calibrated with the gamma rays trom 


radium which have an effective energy 
of about 1.3 Mev 


Measuring techniques for high energy 
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Health Physics 


DAVID BALBER 
Health Physics D 
Brookhave Vat / 
Upton, Ne } 


THE FOLLOWING PAGES contain a tabu } ins the tabulation list 
lated summary of measurements of c<imate Allowed Limits o 
interest in the field of health phvsics Jose or Contamination 

Being a summary, the entries must of it times, been referred to 
necessity be brief The reader is ad- s Actually the healt! 
vised to consult detailed articles that irds no contamination ot 
discuss the various components some ier than natural back 
of these references are given on p. 113 ig ‘tolerable.’ Practi 
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he sal H. M ' H 
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Ty 
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urd revision o RDI D W 
e, or maximun eT ! ! I t 
I ] 25, 
100 millirem per > 


to 20 mrem per day 


red is 300 mrem, wk 69, 731 (1948 


NUCLEONICS - May, 1949 113 













































ip; orimate allowed 
Vat Type f mits of intensity Veasurement de 
n ” contami? ” suggested 
I. MONITORING PERSONNEI 
A. Integrated dose of Beta 00 mrep wk Sensitive X-ray f 
incident radiatior Ga worn in badge or h 
rhese devices are 
vyorn on the oO 
i the pa ot the | 
hat comes lose to 
e radiatio ures 
Less sensitive (ins¢ 
tive) X-ray film w 
in holder Or badge 
Gamma 100 mr/8 hr day Pocket ionizatior 
chamber 
Dosimeter 
Signalling por ket 
zation chambe 
rherma 100 mrem/S hr day Boron-lined pocket ‘ 
eu 1250-4700 neutror onization chambe 
se S| 
| -grain nuclear f 
Fast 500 n- 
eut { or 
B. Integrated dose of Gamma 100 Battery-operated, in- 
incident radiation in tegrating-type ioniza 
the vicinity of worker tion chamber 
Devices not worn on 
person 
| 
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meth 
) | ] i wet 
ete ‘ ( ‘ Pa 
0 f ed hic 
t } 
re 30 i £ ‘ 
hield esse le 
erg Ope ye 
1¢ ic t he X-r 
~ e | 
‘ ‘ eX ! 
le 1 
e 
ex] 
I i ( C} ‘ 
ete fhe Read 
Dw I t ‘ 
} 
\ O00 \ l 
‘ 1 Ay | pene ( 
( ihe electro ) \ t Z é 
into eeded ete 
‘ tse (othe ! r i ‘ 


Read 1 Low 
i t ) t 
‘ 
i ed witl Deve hi gre 
ve y ) I 1 Track 
‘ ed w“ } 
ire N Low 
ga ¢ \ e f 
wi t ‘ j ead 
i} i B ke g 
sed | “ id l 
Deve af ( t } pre 
Films developed Tracks ar 
used | I t ogen © 
f Cadmi g | 
hi erve its et wee 
the i ind 
nrect eading elec- Ma Me lischa t L I 
volt mete chamber 1s } P ex eter 
ade by Vir I é ( 
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C. Checking personnel 
for contamination 
H 


th 


D. Monitoring radio 
iodine ingestion by 

checking thyroid gland 
externally 
E. Radon 


breath 


content of 


F. Determining radio- 
active content of urine 
or blood 


A. Dust-borne radio- 
activity 


1. Spot-chec 


II. AIR MONITORING 


\ 
















) l e 
‘ , t i t 
i pe 
0 GM e (30-ms 
i ‘ ‘ W 
L000 ey le « GM tube 1) 
I > Nal I rite | 
' 
U ay ( P el-} ( Z 
d t ‘ 
Dey M ‘ ‘ ( 
800 ey GM tube mounted 
r Low | KE l 
I i) port counte 
Dried breat} 
Dey t P el-plate Zz 
Ti ( he { I 
I 
, ‘ € 
1) End-window GM 
I Ele static precipl- 
“a me¢ cor 
or Counting 
lon ir pror 
tional counte 
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| 
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I 
_ } 
<F ted i 
. \ GM 
D ted 2 
1 i 
C¢ 
{ 
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Constant-operatior Alpha 


atr-flow monito 


B. Radioactive gases Bet 


not adsorbed on dust Gam 


particles (spot-check 


iethods 


C. Constant-operation Beta 


background monitor 


non-airflow type 


Depend 
hant 


107? pe 


III. MONITORING WATER AND SEWAGE 


A. Water Alpha 


Depen 














Electrostatic precy 
tato ind ill I t 
ol tio! Co 

NIZA 
nal ” 
Al t filte l 
com itior 
( ited with 
‘ l-window GM 
Cor ion of 
ha { ( pape 
j ‘ 
Ove 1a 
w iow 
Filter paper fixe 
lingaGMtul 
0 x wi i 
il i I ve 
X-ra hi placed 
contact with — filte 
Radioautographs ma 
Prope onal counte 
filled w ! il samy 
wit! eparated co 
“ar t la cou 
Ievac ed ea niied 
\ I i samipie 
s ple counted g 
pig with GM tube ( 
mg er wall 


ibrating reed 


} 


electrometer 


lonization chamber 


charged and left in the 


Par illel-plate propor 


tional 


counter or ion 


zation chamber 
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S ri I electro Eff ri f ‘ 
! egiste flow ‘ I 
ed ( ( 
‘ weet! 
HT } nar 
I i ape 
, } w} 
oll aie | . 
1 = ( 
| ( ‘ 
‘ pplied 
S ‘ plus 7 tinge & leveloy ; | 
¢ te pape ove 
re ! I 
( g te mete Pay ipt te og ue 
I g-cl kground New ¢ 
‘ | gy hiite pape ‘ eve 
‘ mental s rea 
Useful tec} jue r essence 
of mir e qual r ! 
ecirculat ga 
ss ( I l etectro Where } SSifple he sepa 
é egister ted out i act is | ( int v 
y rl ethod : level. 
oped Ma he excell ‘ j ( 
letecting soft | 
s ‘ ! electro- 3S ple is transfe | ‘ ed pig 
( egister ea pie Ss counted ] int 
pressure 1s reached 
= ¢ | GM tube ma be k¢ | 
y te then protected wit! eet yg 
f ete 
Mov hart re- Ve sensitive ‘ ‘ 
Read on calibrated Overgrown pocket ionizatior hambers 
g elec or of about 16 to 7 lite \ ime Read in 
K¢ ete { ity Is 
il leak r ilators 
scaler pilus ge volumes of wate e filtered, then 
1 magnetic register evaporated. Residue i counted on a 
{ I ther plaque or small watchglass Self-absorp- 
10 epm tion usually is important factor in these 


determinations 
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B. Sewage 


IV. LABORATORY SURVEYING 


A. General spot- Aly 
checking of shields, 
sources, outgoing iso- 
tope containers, etc. 
Monitoring external 
radiation hazards 


hese are 


instruments 














GM tube mounted 


e or in instrume! 


selt 30 mg/cm 
t hes is well as i 
end-window GM tubs 


Lauritsen elec troscope 
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B. Constant-operation Bet 
monitors Ga 
rey 


4; 
C. Detection of con Alp 
taminated surfaces 

Bet 

Ga 
D. Counting smears Aly 

Bet 





Gan mA 


~ 1000 


~ 2OO0 











luoride (g 


TOO the ia hliied proportiona 
‘ { inte 
I SI Differential ionizat 
/ eha bers Chang 
S|} I Z cham be 





I per LOO lonization chamber 
with large surface 
window 

\ir-proy ial cou 
ter I ir gre nyvlor 
window 

ep! per 100 GM tube mounted 
probe Kither 30 mg 
er wall or mica e! 


window type tube use 


nrep/hr “ Air-wall”’ ionizati 
shames 
2 in of Bond pape 
rul over 12 in? ¢ 





surtace Counted 


lel-plate propor 


portional counter 
Same paper and 
method Counted 
under end-window GM 


counter 
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Radiochemistry 


ial cases, centrifugatior1 
Itration, because adsorp 


ALPHA PARTICLES oak hin, ak iii 


The alpha particle is a He nucleus tion is obt Lined. This 
stripped of its outer electrons rhe extremely important if 
initial energy is usually of the order of are short-lived. Unless 
ibout 4 Me rt speel ol tion of the active materia! 
ionization per em path) is very intense, y plus contents should br 
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} ¢ 4 lecompose t where the chart t 
tri} te ty ist being ount { \ tug 
ead to be We ‘ OW tt t 
() d never t s, count uv 
; rool Phe For the ounting ¢ 
I oreeps and parable Sis, the 
( e taken | set > that t 
+} or t 
not he irve sho t 
) , >] } 
nlated 1 tr ¢ 
Measurement rive the true nur 
e lowe! 7.) | el ‘ 
+ , y + ‘ ‘ yxy ? 
0 ! ( I I ige « t 
, 
ting lone counter is not 1 
tuned \ However deter t 
‘ od eT ly ( 
it > te I rt i out \t t t 
} ‘ , te \ ls ¢ + # ‘ 
harmber ‘ of th ( t 40) 
- . , those part 
} | | tec] 1] 
d efhe ‘ 
or f they t 
A posed j } 
8 C It is ver 
ts? ! tion « t ; 
D gives spuriou ‘ 
grou 4 el 
removed and anot ! tr 
Bias voltage ‘ : It ae me 
Do mn sver ( 
t e we will be materials whict ict 
ind spurious Dus to nat iral cont t mn there w 
eth of the ionizatior he about 10°¢ a De! m? per 
er will vary due to minute emitted from I cleaned 
plate, the sample surface This w t factor of 
Ir irt B. the flat 10, depending on the ‘ e ¢ iaterial 
r which should he Lead is verv bad in t respect \ 
g, all the lonization due natural background of 1-2 counts per 
t tracks is being minute should be a maximum in at 
s voltage is in- alp| a counter 
( r hed, which is the The number of ions formed by betas 
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in a given distance will be about 4; 909 
that formed by alphas Thus alphas 
can normally be counted in the presence 
of betas If greater than 10® betas are 
present, superposition occurs and spurl 
ous counts may be found. This can 
often be avoided by the use of a mag- 
netic field in conjunction with the ioni- 
zation chamber to deflect the beta par 


ticles out of the ion chamber 


Corrections 

If two experiments are to be com- 
pared, or two counts in the same experi- 
ment compared, there are some correc- 
tions which have to be introduced to 
make certain that the COMParison Is an 
accurate one 

Statistical fluc fuations rhe emission 
of the particle or ray by a radioactive 
substance is a random effect and statis- 
tical fluctuations must be considered 
If the same sample is counted a large 
number of times, the average deviation 
from the true count is equal to the 
square root of the total number of 
counts recorded in all the measure- 
ments, D = + +/n. If a deviation of 
no more than 1 is needed, then 10,000 
counts must be recorded, so that for a 
convenient rate of 3,300 counts per 
minute one must count for three min- 
utes In this case, D= +y 10,000 

+100, or +1° of the number of 
counts recorded The probable error, 
P.E., equals 0.6745D. 

The above should especially be taken 
into account in work with materials 
with low counting rates 

Superposit on If the counting rate 
is very high, the counter may frequently 
fail to distinguish between consecutive 
particles. This happens if they occur 
within a certain time interval known as 
the resolving time of the instrument 
The resolving time should be deter- 
mined experimentally and corrections 
made if there is appreciable loss from 


this cause. This can be ascertained by 


adding aliquots of a known activity and 
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seeing if the relationship betwe: 
aliquots added and counts recorded 
linear 

Radioactive growth and decay. C 
rections may have to be introduced 
compare two substances measured 
different times. The growth and dec 
‘urves can be very complex 

Ne f-abso ption Even in thin sar 
ples self-absorption may not be neg 
ligible, and a correction will have to } 
introduced This factor may be o 
tained by use of a standard amount 
activity and varving weights of carrie! 

Many instruments of the integratir 
tvpe have been used to measure alp! 
radiation The oldest and probably t! 
most reliable of these is the quartz-fibe 
ele troscope The fiber is charged 
to a certain potential and the natura 
leak measured. Then the fiber is re 
charged and the source introduced 
The time to leak a definite number o 
divisions is then measured For com 
parison the same length of seale 
always used, thus keeping the statistic 
error constant These instruments are 
very suitable for laboratorv use an 
usually are reasonably priced or @Casil 
constructed, now that high-grade insu 
lators, such as polystyrene, are readil 
available 


BETA PARTICLES 


Beta particles are high-speed eie¢ 
trons with energies ranging from 0.1 
Mev to several Mey They are more 
penetrating than alpha particles, and 
will pass through moderate thicknesses 

n? of material, before being 


aration of Samples 
procedure as for the 
f alpha samples may be 
1e betas. The mass thick- 
ywever, be much greate1 
‘ may be placed on thin 
id covered with cellophane 
mntamination and loss of 
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shave atauriy hig! 
@ ! ¢ sed 
Geiger- Miller 

t or thie 
Chem 

tyne if 

t Lo sé na 
ft is two 
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ty due to cosmi 
t es In the 





e placed on at 

Tt ~ i ng the 

nte Nnging 
htends at the source 


, 
counter the follow- 


adopted \ 


S ree Living 

{ a sually ot 

its deca 

| ed inder the 
tag ‘ ad , 





rating \ graph 
counts per 
ntial 1 is the ‘“‘thresh- 
counter starts operating 
s the area of “limited 

e As the 
1 the Geiger portion C is 
out, the 
As the 


curve starts 


voltage is 


} | the irve flattens 
equal height. 


reased the 


NUCLEONICS - May, 1949 


to rise again in the /) reg Here the 
potential Is gre t ¢€ v ~ T 
| £ 
tinuous discharge ] 
n the counter 
The counter st t 
' 11] i +} niat ; 
ddle o ie p 
an f} t t I 
we ppre ible rt 
wenike ri nial , 
; } —— j 
nha ee ting | 
pro ed re ~ lor ( 


‘ ‘ a nt ( i | tw 
tandard readings 
expecte 1 due to st 
( ections must | | j 
ra ( ilso er 
sons are to be made |} < 
ments made on diffe 

The plateau of a 1 | 
roug! 150 olts ng no 
greater thar 1 10 ng per 100 
olts As the yunte | s, the 
threshold potent p 
teau becomes | flat SUT 
in the counter inere 

Che background of t 

thout 20 counts per nut lue to 
osmile radiation (ont nation oO 
the counter or castle | of cours 


ise this 


rhe geometrical I the 
ounter varies considerably due to 
scattering of the betas It is advisabl 


to cut dow! this s ttering This can 


isually be done by lining the lead castle 


with aluminum and having the sample 


holder also made of a material of low 


atomic number, since the scattering is 
proportional to the square of the atomi« 


number 
Corrections 
Statistical fluctuations as for 


alpha counting 


Same 


Superposition The resolving time 
of the Geiger plus scaling circuit must 


This ¢ in easily be done 
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bv irradiation with neutrons of a mate- and varying amounts are placed 





rial with a known decay period, e.g travs and the activities measured ‘1 
54.5-min In The decay of the In is measured activity per unit weight 
then measured and should be « xponel san ple in each case is then caleulat 
tial within the statistical limits Any apparent specific activity), and plott 
departure from this will be due to lack against the actual mass of the san 
0 of the apparatus which was counted On account of 
Growth and decay. Same as alp exponential absorption of beta rays 
Externa absorption The external matter, one finds a logarithmic relat 
ibsorption ol the sample must 1 between the mass of the sample and t 
obtained in order to correct for the ipparent specific activity for si 
ibsorption in the sample wind ina values of the mass If there were 
ir gap between sample and s ple self-weakening, the apparent spec 
window fy s obtained by interpos ictivities would all be the same, but 
ng Al a oO Ss between Ut! ( ell-we ening Is alWayvs present 
ind the windo The absorption is curve shown above is obtained | 
roughiv exponent with at ny extrapolation back to zero mass, 
Ss present, d to gamma radiat ! lr true spe ( etivit min be obta 
this manner the mount of material mig may also be read off the graph 
required to cut tl radiation down to If the tivity has an appreci 
half of its intensity, €14, is found The short half-life, decay curves are ol 
alue € is characteristic of the beta tained for the various mass thicknesse 
emitter and may serve as a source of and the above procedure used to dete 
identification. The range of the beta mine the curve at a definite time 
rav is also characteristic of the emitter As a rough guide, the relati 
Self-absorptior Unless C1 high ms € 2.2 may be used. This | 
ntensitv sources are used, the sample heen determined experimentally for 
which is to be checked for act it Vill large number of radiations, and four 
have a finite thickness due to added to hold roughly true within limit 
‘arriers or the fact that it Is inseparable Care must be taken in the determi 
rom the starting materia kor com- Tio! ot 7 and € where the bet 
parison purposes, corrections must bh radiations are complex, as errors n 
made for the amount of radiation easily be introduced 
ibsorbed by the material itself, the Sackscattering If the results to |} 
sell-weakening |! ilf-thickness n The obtained are o1 ly relative COMparisor 
correction Can sometimes be vored DY between different activities of the san 
ise of either of the following methods 6-emitter, no correction need be intro 
For comparable experiments the duced for the amount of radiatior 
same mass of material may be d each } ttered into the counter by thi 
time This is usually very incon- or material surrounding 
venient, especially where short-lived If a knowledge of the 
emitters are concerned entegrations per minute 
The amounts of material used may ’ different B-emitters are 
be so thick that onlv radiation from the d, a correction factor is 
top lavers will reach the counter, é this ean be obtained lt 
a mass thickness greater than the range 
This is usuallv not very practi al, since ntal curves are obtained 
the sample intensity will be cut 1 counts /minute with in- 


nis may usually be obtained as fol- of the backing material 


lows: The active material is precipitated of various energies. 
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made with 
present to 

g. The 
I obtained 


ined curves 


KsScattering 


s preferred since 


thickness do not 
iow thickness in a 
rder of 5 mg/cm? 


betas Ol many ot the 


Des ive energies so 
thin window will 

rt leal of the radiation, 

I \ im beta energy 154 
sotopes special tech- 

he evolved Special 

ters can be made with 

2 mg ‘em? These are 

g Che windowless 

t is sometimes used 
lowless counter may 

sing desiccator and 

ng the window from an 
G-M_ counter The entire 

1 with the gaseous 

\ bers can be swung into 
eans of an externally 

1 gnet An external stand- 


material to be 


meas- 
roduced directly into the 
form of a gas, e.g.. CO 
, ry efficient method, giving 
eur of almost 100 
Or techniques include 
grating instruments, such as elec- 
ypes and jonization chambers 
general, the electroscope will he 
to 4600 as sensitive as the Geiger. 
+} 


e ionization chamber with an 
94 electrometer tube will be hy9 to 


ve as the Geiger 


Where directional effects are required, 


» Geigers may be connected so that 
counts which register in both 
gers wi l be recorded This Is 
vn as ‘‘eoincidence”’ counting and 


1 potent technique in cosmic ray 


r tand 


irdization of sources, ete 
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GAMMA RAYS 


Gamma rays are 


short wavelengt} Energies 
X-ray region to several 


The y are 


of very 
run from the 
Mev. 


Gamma rays do not lose energy gradu- 


very penetrating 
ally as do alphas and betas, but ioniz« 


by collision with one or a very few 


electrons The electrons further ionize 
by collision as 


and thus 


previousl\ 1eScl ( j 


the gammas 


Gamma rays interact with matter in 
the following three way photoelectric 


absorption the photon tr 


its energy to an electron and ejects it 


atom, usually from A or 7 
shell; Compton scattering the 


from the 
primary 
photon 


ejects an electron by trans 


ts enere\ 


ferring to it only part of 
the 


while 


remainder scattered 


photon; pair-produc tion the energy ol 


{ 
re 


appears as a 
the photon is converted into the mass 
and kinetic energy of a positron-electron 
between the 
and 


with high-energy 


pair. This is a reaction 


photon and the nucleus, usually 
occurs only 


The 


about ! yo as efficient for the gammas 
1¢ 


Lammas 


ordinary Geiger is normally 


as it is for the betas A laver of heavy 
lead, 


the window to act as a 


element, e.g., is plas ed in front of 


‘‘radiator”’ and 





the betas are measured by the 
It is 


aluminum under the lead to cut out anv 


Geiger 
advisable to place 1 laver of 


betas originally present in the sample 
If this is not done the betas will cause 
the generation of Bremsstrahlung, or 
continuous X-radiation, which would be 
the lead, 


electrons and thus an increased effect 


absorbed in giving rise to 
This conversion of the kinetic energy 
of the 


radiation is proportional to the square 


electron to ¢ lectromagnetic 


of the atomic number of the stopping 
elements. 


NEUTRONS 
The neutron is a particle of mass 1 


and no charge. this lack 


Continued on page 141 
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Industry 


SOME SUGGESTED USES OF ISOTOPES 


PHeE PURPOSE of this section is to list 
possible uses of radioisotopes in indus- 
try The ideas presented below have 
been collected from bulletins, reports 
and scientific journals and no accuracy, 
originality or practicability is claimed 
for them This material is taken from 
a report (CRIB-399) by G. H. Guest, 
National Research Council of Canada 
{t was prepared for use at a two-day 
conference on industrial uses of radio- 
isotopes, held in December, 1948, in 
Ottawa. An asterisk indicates that 
some work has been done on the item 
marked. 

1. Calibration of ultra microbalances 
with alpha-active material. * The cali- 
bration of microbalances can be im- 
proved by using substances with high 
alpha activity since the activity can be 
determined more accurately than the 
weight. 

2, Use of tracers in electroplating 
baths to determine concentration of an 
ion. The depletion ot minor constit- 
uents in electroplating baths might be 
followed with a radioisotope 

3. Use of tracers in the ana Ysts of a 
prod ict from a reaction mixture of 
Analysis of a 


known composition 


product for impurities may be made | 


\ 
the addition of a radioisotope to the 
reaction mixture in a definite proportion 
to the weight of the element or elements 
sought. After separation of the prod- 
uct from the reaction mixture it is 
counted for the element sought (which 
would be an impurity or a principal 


constituent The supernatant would 


be ‘“‘counted”’ for an element of the 
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prod ict to determine the extent of 
reaction 


Use of tracers to study the cause 


cure oj Joaming and priming Tra 
can be used to study the cause and « 
of industrial foaming and priming, t 
effect of different dissolved salts ai 
intiloams 

>. Distribution measurements of text 
finishes.* By the use of trace 
studies have been made of the dist 
bution of lubricant on rayon fiber 
order to evaluate the role of the lub 
cant in subsequent dying and spinni 
operations. 

6 | ow studies oO} components 
process operations Modifiers in proces 
operations, such as plastic manufacture 
might be followed, giving informatic 
on mechanism and value of su 
materials 

Process rate studies. fate studi 
on industrial processes can be of valu 
in understanding of the processes 
Tracers have wide application in th 
field 

8. Product control. Anv reaction 
volving inorganic materials where fre 
dom from impurities is important 
Examples are: analytical reagent man 
facture, pigment manufacture, ceram 
manufacture. 

9. Use of tracers in. distillation 
Determination of equilibrium data and 
measurement of operating efficiency ar 
paramount problems; only poor analyti- 
cal methods exist in many cases 
Radioactive tracers may be used to 
obtain binary equilibrium data and 


vapor-liquid equilibrium data of pre- 
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4 1 make this 
simple 
ght be particular 
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. es } AS 
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eae oe 
‘ ey ee 
beating al teense 
thie rege ma 
) ind continuous 
t progress If 
to be withdrawn, 
ole in eas 
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t systems. In experi- 
‘ te} dist itior 
| ( i easy 
gt ) ent of low 
t » througn 
ind the progres- 
these components 
ts as equilibrium 5s 
rf n mete ? 

I topes can serve as 
the usual method of 
ents and have a de- 

ire I ise O WAalVsis 

r to determine the 

bbir uses. In some 

le to serul materials 

g that they are present in 
iantities in the exit 

tive tracers of these 
simplify the analytical 

Often it is difficult to analyze 

( ibsorption columns be- 
é the difficulty of analyzing the 
3s g hase \ radioactive tracer 
ght 1a simple and easy method 
I g this problem Absorp- 
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tion data in very dilute ranges ¢ 
obtained using a ! d tra 
] l'se of trace 
eq ium da nid th 
‘ ( T ‘ i 
i gel whe ¢ 1 ‘ 
] , 
, , rr 
is wl } 
separatiot pro | ‘ 
I ins of Ca iat re 1 
et is provided 
14. Determinat 
times and degrees ¢ t ! 
determined | the ( 
! t several point 
ao Oo the co! po | | 
tion ot ¢o ponent 
r} tra r te 
ible to the study o l 
tems al susp ( solid 
liquids 
Dete mir 
0 a d en mi at t 
ol i precipitate I ( ink 
followed with ior mibe ( oO 
oa tracer is ca 1 «i wit! 
precipitate vhich is settling 
letermine conce? 
continuous ope wior NI 1 e pre ‘ 
baths—cleaning, fire-growing, co: 
electroplating baths—munor co 
uents: rayon processing baths 
constituents; textile processing | 
pulp and paper manufacture; an 
reacting system. 
17. Measuremen ne velor 
liqu d flow with t The 
velocity of liquid flow in a pipe « 


( 
/ 
ous 
tye 
t ’ 
in be 


minor; 
vaths 


| gas 





measured by timing the successive 


ippearance of activity at two points 
along its length The method is of 
special value where circumstances are 
such that sampling is impossible; the 





ls / ‘ oO f é aa) le nine fhe 
effect of trace fie pon the physi- 
Known that tracer amounts of manga- 
nese are deleterious to ravor Studies 
to establish the ignitude of the eflect 
as related to the ynount of im rity 
could be furthered by the use of a tracer 
l MAKING i Sis since the colori- 


polymerization In the relatively new 


field of 





co-polyn ization in 


polymers are produced from two 
materials neither, or onl 
will polymerize by itself, the 


t} 


otten arises as to he t I t 


cOMpositio 


such a polymer and also whether it is a 


real co-polymer Or 4 Ccompone nt pol mer 
with the other component imbedded 
in it 
(por pres ( ’ 
and iolation of catalyst poison 
1? U'se of radio soto pes in studying 


wisorpllon processes ' Tracers may be 


showing the distribution of 


material throughout a resin bed, and 


used tor 


for the detection of break-throug 


J 


3. l'se of activity to stabilize balance 


ence of static charges upon the accur icy 


performance ») minimize 


of weighing, a radioactive source is 


placed in the balance chamber. This 


application has been used for many 


vears and is not unique. 
; 'f-nromoting 


Development of *" S¢ 
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possible 


might be 


catalysts y It 
develop ( italysts in which the prest 
| 


of radioactive material causes rep 


renewal and extension of the a 


suriace 

) i 7 

7) Tn cence of radiation on ) 
po mie ation or orgar compo 


Certain systems cannot be made 


interpolymerize although at least o1 


these components is re 


izable. Examples are: propylene 
stvrene, isobutylene plus styrene 
isobutvlene plus butadiene 

C. ¢ ching of petroleum o 


cracking of petroleum may be poss 
Use of radiation fo nil 

fixation 

S. Harder ng of metals or } 

} nlense adiation may be pos 

j V wior ol mete Ons 
ns wing compound 

O. Mechanisn of adsorption 
settling rates of additior n oil corro 

jf fion and ea fest 180 


Mechanism of — flot 


heterogeneous adsotr 


tion of minerals 


tion at low concentrations Cé 


collecting agents; oil, gas, and w 


permeability in three phase flow 
porous me dia; ion exchange equilibria 
well logging; and injection water fl 


protiles—petroleum recovery 


+> Q sality contro Thickness ots 


cone film on rubber adhesion: 
gage—cupola level; and thickness gag 


metallic and plastic sheets 


Vechanism of hardening of evapo 


ated mirrors by strong oxidants 
) fk f ency o7n ring jraph lear 
] / 
36, Determination of tarnish es 


ance of silver plate. 
3). Determination of transfer of priv 
pape 


ing ink from printing plate to 
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PROPERTIES OF MATERIALS 











Photographic Recording Media 


HERMAN YAGODA 


Laboratory of Physi B 
National Institute f He 
Bethesda, Ma 


Alpha track counting 
(2 to 10 Mey 


Praje tories of last 


ilpha particles 


Scattering 





Alpha Particles 


Eastman NTAor NTI 
coated 100 microns, Il- 
ford C2 coated 200 mi- 


crons 


Protons 





pha-ray pa 
1 permit 1 
st etures 
diameter \} 
les pe are ne 
sary ! macro observation of det 
+ ] + 1 1 
sl Vg 1 deta i 0 mag 
} 
fica ! Als« beta sensitive I 
po e about 10° alpha particles 


detail is poor 
gamma-ray sensitive 


} 


Individual alpha particle tracks 


served at magnifications above 200 
Moderate backgr 

ions does not interf 

track visibility Alp! 

ily differentiated from f 

proton A Mey tr 


1 in developed grain density 


ymund fog of beta al 





gamma radia ‘ 


yectories 


robust alpl 


exceptionally 
counting at 


tracks 


excesslv' 


tting 
Record 


fogged by 


racks perm 
nagnifications 
slow electrons; 
doses of beta particles 
Will record alpha particles with ener 
100 Mev. Thick emu 


sions increase probability of recording 


gies of about 


complete range, but 


require specia 


processing (3); see figure on next page 


vacua the 
May be 
avoided by painting edges with shella 


In exposures under high 
tends to peel 


emulsion 
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Nuclear evaporation recorded at Echo Lake, Colorado, altitude 3,200 meters, showing 
ection of a proton H', a Li* fragment decaying into two alpha particles, a heavy short 
il track & and the tracks of two other unidentified particles which leave the emulsion 


er 


PLATE: Ilford C2 coated 200 microns thick. 


)EVELOPER COMPOSITION: Hydroquinone 2.0 g, Na:SO; 20 g, KBr 1.0 g, Na:CO 
10 g per liter of distilled water. 


DEVELOPMENT: Chill developer solution and glass tray to 10° C. Insert plate in 
eveloper and place in a refrigerator at 5° C for 1 hour. Transfer tray to water bath 
t30to 35°C. Dilute developer with equal volume of water at 20-22° C, adding water 
wly and with adequate agitation for uniform mixing. When temperature reaches 
22° C, allow development to continue without further agitation for 30 minutes at 22 to 
9 


a 


FIXATION: Siphon off developer and fix in 30% sodium thiosulfate until clear (about 
2-3 hours, depending on rate of agitation and temperature). When plate is nearly 
ear, complete fixation and harden by 30 minute immersion in Eastman F5. 


RESIDUAL PROCESSING: Wash in cold filtered tap water for 2 to 3 hours. Soak 
r 10 minutes in an aqueous solution containing 1% glycerine and 0.1°; Aerosol wetting 
agent. Drain thoroughly with aid of filter paper and dry plate in horizontal position. 
yat borders of plate with shellac, shortly after drying, to prevent curling of gelatin 
edges under conditions of low humidity. 


This procedure gives uniform depth development, and the background fog grains are 
educed in size. Although the minute fog grains are evident microscopically they do 
t reproduce on high contrast photomicrographic media. The tracks of densely 
nizing particles are readily evident at 200 x, and, at higher magnification, the tracks 
f fast protons and o-mesons are also visible. The method facilitates track discrimina- 
yn by grain counting. 





Protons (Continued) 
Ohje é Emulsion Remarks 


rding Eastman NTAor NTB_ Record tracks of particles with ener- 
coated 100 microns, or gies below 50 Mey 
Ilford Ce coated 200 
I rons 
eation Ilford Ce coated 100 Slight underdevelopment facilitates 
microns discrimination of tracks produced by 
particles differing 
as described in figure 


ionizing power, 
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Deuterons 








Objective Em m Remarks 
Fast deuteron record- Ilford ¢ coated 200 Tracks of particles with energies be 
ing microns 100 Mey record 
Tritons 
rrack recording Ilford ¢ mated 200 Upper limit about 150 Mev 
Particle identifica vhid Differentiation between triton 
alpha particle tracks facilitated 
1 rdevelopment, or differentia 
i effects 
Meson Particles 
Identification Ilford Ce coated 100 or Tracks of slow mesons of about 
200 microns I 





with energies below 8 Mev 
sadily differentiated from protons 





grain density and degree of sea 


Fission Fragments 


Selective registration Eastman NTC coated Details described 


lin (8, 9 

in presence of pre- 25 microns or Ilford D, 

dominating alpha coated 50 microns 

particle flux 

Range measurements Ilford C: desensitized Details described in (/0 

: with uran iwetate 

Fission pairs accom- Eastman “ fine-grain Alpha particles from uranium diffe 

panied by long range alpha’’ loaded from  entiated from fission fragments | 

alpha particles saturated aqueous ura- means of grain density. Discrimin 
nyl acetate I] Il- tion enhanced by underdevelopment 


ford C coated 100 The loading process weakens sensit 
1icrons loaded from ity so that protons arising fro 


vl ace neutron recoils do not record track 


Heavy Charged Particles 
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spurious counts from the noble gases has thresholds of a few hundred vi 








Neon and argon. Removing the Carbon dioxide and carbon disulf 
metastable states in neon by small ad- The CS, exchanges charge with the 
mixtures of argon greatly reduces the positive ion to prevent CO, neg 
breakdown voltage, so that this mixture ions being formed as mentioned be 

Typical Polyatomic Gases Used in Counters 
Energ 
lor 7 
Z n Eiectron Ne Form Absor p- 
I Litnae \ tion 
‘ mer I W ave- 
t P Forr I lengths Ty 
G Form 1 al I in Gas t Be S ne 
B .¢@ 10 B 1500 Co 
& 13.2 10 ( 1500 ( 
e CO 14. ] () ") 4 
NO »5 5 10 a) 7.0 
CO 1 4 0 1360— 600 Bands 
CS 0.4 3800-1200 Bands 
Hos 0.4 0 Hs } 7 1600-1190 Bands 
Hs 10 
Nitroge Dioxide NO 0 5700-2200 Bands 
N ) Oxide NO » Qg ‘) () = 000-1760 Cont 
520-1056 Bands 
1000 Cont 
Sulfur Dioxide s() 13.1 1074 SQ) >.7 sSO0-1529 Bands 
Water H.O 13.0 0 OH 5 4 1240-983 B | 
ie) 7.5 
OH 13.8 10 
Ammonia NH 10 5 0 NH 6 0 1620-1450 Bands 


NH 
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chloride CCl, 
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Chloroforn CHC] 


Methyl Iodide CH,!I 10.12 
Ethyl Bromide CoH sBr 10.24 
Ethyl Chloride C3H;Cl 


Pyridine C:H,N 9.8 
Ethy! Alcohol C.H;,OH <3 


Acetone CH;COCH;, 10.1 


1200 Continu 


2400-2090 Bands 


1600-2300 Bands 
1450 Continuo 
2200 Continus 


sH00-2110 Continur 
2100-1215 Diffuse 
2850-1900 Continu 
1700 Diffuse 
1700 Continuo 
2500 Continuo 
1633-1602 Bands 
1518 Diffuse 
< 700 Continuou 


3300-2940 Bands 
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